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The lorking of Optical Parts.
■ . . ■ n f . r r r n ' i  1-----------*-------— —
Por tbe production of an optical iaatraaeat tbe col­
laboration of tbe designer* tbe ooapatsr and tbe optical 
■orker is  essential. Particnlars of tbs fnnction of tbe 
proposed instrnaent and the conditions to be fu lfilled  
having been deteralned, tbe designer is  sole to prepare 
a general acbeae of the aeobanieal and optical arrange- 
aent. So far as tbe optical portion is  concerned, thle 
involves a general knowledge of the lialtations of coa- 
potations, end the aeoaraoy attainable in the practical 
sorting of the parte.
■here possible tbe deaigner avoids tbe introdaction 
of extreee aagalar apertures that aigbt necessitate the 
use of very special types of glass or increase tbe eoa- 
patatioaal d ifficu ltie s . Bat the tendency aast alleys 
be tosards the iapoaitlon of increasingly drastic deeaads, 
and frequently for one or sore details of the optioal 
systea the designer aast finally  rely apon the ataoat 
sk ill of the coapator. Close collaboration betsaen tbe 
coapator and the sork shop is  also essential, thaa, for 
exaaple, i t  aay be desirable to ase particular types of
a.
glass that happea to be I d atock or staadard teat plates 
and toola*
It la tba fonctiot of tha optioal aorkar a ltI aboa 
tbla obaptar la aoatly conceraed to fora tba parta to 
taa specified dlaeasioea, to pollab tba sarfaeea, to 
exaalce tba perforaancea of tbe fiaisbed aork, aad abaa 
possible. to coapeaaate tba dafacta abatbar of settees or 
aobataaee.
*a to tba aetbods eaployed la tba workshop, aaob 
dapaada apoa tba ebaraetar of tba aork. Large aatroa- 
oaleal objectives for ableb the daaaad la extreaely aaall 
are invariably prodaoad singly aad involve tba atarelaa 
of very apaelal oraftaaaaablp.
i l lOne raaoaaad aaaafaotorar baa atatad that object 
glaaaaa oaeaot ba aada oa papar. tbe baad aatbod of 
prodaelag aaob parta ooaalata la tba ooapaiatloa of tba 
objective by aaaas of tba alaplaat foraalee altb a vlaa
(1 ). B.Grabb. tba prodaetloa,aad taatlag of talaaeope 
objectives aad alrrora. latere v .94,1681,
p. 86.
to tbe ellainatioa of cbroaatlaa principally, aad tie  
deteralnatloa of the dealred foeal leagtb, aad then in 
taa reaoval of reaidaal aberratlona, aad aora particular­
ly apbarlcal aberration, by aaobaaieal local ratoocbiag 
baaad apbo optical exaainatioaa of taa laagaa foraad by 
different aoaaa and portloaa of tba oojectlve. Proa tba 
palat of vlea of tba parfactloa of tba objeotive tbla 
aaplrioal aatbod appaara to ba Jaatlfied by tba exeell-
aaca of tba reaalta attaiaad. Otbar aabara of large
(1)aatroaoalcal object glaaaaa advooate tba alternative 
aatbod. By rigid ooapatatioa tbay deteraiae tba oarvea. 
tblekneaaea, aeparatione and apartoraa of taa parta. and 
in tba aorbabop tbay aadaaaoar to attaia tba daairad 
degreea of fraadoa froa tba aeveral abarratloaa by tba 
laaat poaaibla dapartaraa froa tba oaloalatad data.
-Local retoaobiag oaa hardly ba avoided ia tba prodaotion 
of large optical parta. Peripheral or eaatral aoaaa of 
oaa or aora of tba aarfaeea aay bare to ba retoaobed la 
ordar to prodaea u  aaapbarieal aarfaoe for tba eoapen- 
•atioa of apberioal aoarratioa. fiagalar cylindrical
11) B.Csapaki. Salta, f .  laatk. ?,p 101, 1887.
re touching  lay De necessary fo r  the c o r r e c t io n  of a s t ig ~  
a a t i s a *  Surface iap e r fe c t io n s*  d e f e c t s  of honogeneity* 
d e fe c t iv e  annealing* c o n s t r a i n t  during forking  p rocesses ,  
and th e r s a l  e f f e c t s  say a l l  involve i r r e g u l a r  retouching*
Eat the o rg an isa t io n  of s o s t  o p t i c a l  workshops i s  
arranged p r in c ip a l l y  fo r  tne  production  of oonps t s l i v r t y 
s t a l l  lenses  and p r i s t s*  of which c o t p a r a t i v e ly  la rge  
Q u a n t i t ie s  nave usua l ly  to  be produced* as fo r  exaaple in  
tne  t a n u fa c tu re  of b in o c u la r s  and caserns* f o r  reasons 
of cost* re touching  of such p a r t s  i s  not p e ra i s s ib le *  
and indeed r a r e ly  necessary ,  i f  the t a t e r i a l s  a re  t e l l  
se lec ted*  They t u s t  be produced v i th in  l i a i t s  a p e c i f ie d  
by tbe  des igner  and coaputor* and d e f e c t iv e  e l e a e n ts  are  
re je c ted *  T r ia l  and e r r o r  ae tbods play but l i t t l e  p a r t  
in  such an o rgan isa t ion*  lacb  s tep  i s  based upon p re c i se  
aeasureaents*
There i s  an i n t e r a e d i a t e  c l a s s  of a u l t i p l e  aork 
invo lv ing  p a r t s  tbe s i s e  and c o s t  of fh ich  a re  such as 
to  take a c e r t a i n  aaount of re touching  necessary* al though 
such re touch ing  au s t  always be regarded as undes irab le*
I t  the p re sen t  t l a e  the technique of the o p t i c i a n  i s  in
b .
advance of th a t  of toe g la s s  t a k e r .  By aachinery i t  i s  
p o ss ib le  to  produce s o r t  aces t h a t  aay be regarded as 
o p t i c a l l y  p e r f e c t .
A p r i s t  such as i s  used a t  the ends of a rangef inde r  
having p e r f e c t  o p t i c a l  s a r f a c e s  t i l l  not n e c e s s a r i ly  
give a s e l l  defined i t a g e ,  osing to  s t a l l  i i p e r f e c t i o n s  of 
the g la s s ,  such as d e f e c t iv e  annealing  or hoaogeneity .  
foe l a rg e r  the piece the  g r e a te r  i s  tne d i f f i c u l t y  in  
o b ta in in g  g la s s  tn a t  i s  s u f f i c i e n t l y  notogeeeous to  s u i t  
tne r e q u i r e a e n ts  of tne o p t i c i a n .
In such work i t  i s  c u s to ta r y  to  f o r t  and p o l i s h  tbe 
p ieces  by tach in e ,  to  t e s t  tne p e r f e c t io n  of tne d e f i n i t i o n  
of tne p a r t s ,  and i f  necessa ry ,  of t h e i r  in d iv id u a l  s u r ­
f a c e s .  those  t n a t  f a i l  to  pass and t h a t  e x h i b i t  c e r t a i n  
types of i a p e r f e c t  d e f i n i t i o n  aay be saved by re touching  
by hand, or in  the t o r e  r e g u la r  cases ,  by t a c h i n e .  Of 
the  r e t a i n in g  d e f e c t iv e  p ieces ,  so le  nay r e q u i r e  r e ­
annea l ing .  the  o tbe re  t u s t  be f i n a l l y  r e j e c t e d  un less  
they can be u t i l i s e d  in  i n s t r u t e n t s  of lo s e r  poser or 
i n f e r i o r  q u a l i t y .
fh e re  i s  another  c l a s s  of work, such fo r  exasp le ,  as 
condenser len ses  and to  sose e x t e n t  s p e c ta c le  lenses ,  in 
which no g re a t  accuracy e i t h e r  of f o r s  or s a r f a c e  I s  
requ ired ,  and which s i l l  not be f a r t h e r  co n s id e red .
I t  s i l l  oe ev ident  f ro s  the aoove general r e sa rk s  
th a t  the prodoction of high q u a l i ty  o p t ic a l  p a r t s  cannot 
be reduced e n t i r e l y  to  pu re ly  eechanica l  o p e ra t io n s .  A 
c e r t a i n  asount of hand work i s  involved, not only because
of the need f o r  the i r r e g u l a r  retouching  of s u r fa ce s ,  
but a lso  fo r  the production of  c e r t a i n  d e l i c a t e  and 
a c c u r a t e  d e t a i l s  f o r  which 3 u i t a C l e  *nacoiQ8ry has not 
ye t  b9en e lab o ra te d .
In the uost  highly organised workshops th e re  say 
th e re fo r e  s t i l l  os seen in opera t ion  tne e a r ly  hand 
processes  e lab o ra ted  by such pioneer workers a3 Buyghens, 
Booke, 8ewton, Father  Cherubin, Berschel ,  and Molynsux.
Whether fo r  the purpose of f i n a l  or work-in~progres3 
in sp e c t io n ,  or fo r  re touch ing ,  i t  i s  necessary  to ana lyse  
the d e f i n i t i o n  of the isage  produced by the  o p t ic a l  p a r t  
or s y s t e s  in  ques t ion ,  and to diagnose the probable d e fec ts  
with a view to t h e i r  p o s s ib le  c o r r e c t i o n .
I t  18 not s u f f i c i e n t  to take tne broad sta tement 
th a t  tne d e f i n i t i o n  i s  oad, because i t  aay be poss ib le  to 
coapensate  tne d e fec t  in tne case of la rg e  and c o s t ly  
p a r t s  without aucn a d d i t io n a l  expense. Suppose tne  o p t ic a l  
p a r t  no be exaained i s  a to ic k  p a r a l l e l  p l a t e  of g la s s  
wbole transm iss ion  su r faces  bare been o p t i c a l l y  worked 
and aay be regarded as oeing unquestionably t r a e ,  and 
suppose tbe p a r t  i s  placed in tbe p a r a l l e l  beaa before tbe 
o b je c t iv e  of a te lescope  woicn i s  d i r e c te d  upon a co l l im a to r  
or t e s t  iaage comprising small Doles or l i n e s .  I f  tbe 
g la s s  i s  p e r f e c t  i t s  i n s e r t i o n  in  tne patb of tbe ligtat  
should not a f f e c t  tbe appearance of tbe c o l l i a a t o r  iaage .
I f ,  to  obta in  a sbarp image, a read justm ent  of tbe t e l e ­
scope eyepiece i3 necessary ,  tbe p a r a l l e l  p l a t e  bas a 
focus e r r o r .  I t  i s  eq u iv a le n t  in i t s  ac t ion  to  a very 
weak l e n s .  Examination by means of tbe  i n t e r f e r o a e t e r  
aay reveal a reg u la r  cnang9 of o p t i c a l  dens i ty  f roa  tbe 
c e n t r e  outwards a3 rep resen ted  by tbe c i r c u l a r  bands of 
F ig .  Is. Tbe de fec t  in quest ion  aay be due to l a p e r f e c t  
anneal ing ,  or a regular  d e fe c t  of noaogeneity .  Doable 
r e f r a c t i o n  r e s u l t i n g  f ro a  i a p e r f e c t  annealing  of tbe 
g la ss  aay be t e s te d  by i n s e r t i n g  a balf  wave p l a t e  and 
observing tbe e x te n t  to wbicb tbe  bands are d isp laced  as 
tbe ba lf  wave p la te  i s  r o t a t e d .

I f  the d e fec t  i s  due to i n t e r n a l  s t r e s s e s ,  the g la ss  
should be reannealed,  oa t  i f  the substance i t s e l f  1b a t  
f a u l t  the d e f i n i t i o n  may oe co r rec ted  by making one of 
tbe su r faces  s p h e r i c a l .  In the case  of a p r i s a  a t r a n s ­
mission face would be chosen fo r  tne opera t ion  in p r e f e r ­
ence to a r e f l e c t i n g  su r fa ce ,  s ince  oblique r e f l e c t i o n  a t  
a curved su r face  n e c e s s a r i ly  in t roduces  a s t i g a a t i s i ,  ahich 
again a ig h t  requ ire  to  be compensated by working one of 
the t ransm iss ion  faces  to a s u i t a b ly  o r ien ted  c y l i n d r i c a l  
f o r a .
I f  the inage appears sharp ly  defined but oval shaped, 
the  d e fec t  i s  one of as t igm atism .  The in te r f e ro m e te r  
appearance of the g la ss  nay be as in d ic a ted  in F ig .  2 b.
A c y l in d r i c a l  su r face  s u i t a b ly  o r ien te d  f i l l  s u f f i c e  to 
coapensate  tne de fec t  bat  i f  i t  i s  the g la s s  th a t  i s  
s t r a in e d ,  i t  should be reannea led .
Ins tead  of a s in g l e  c l e a r l y  defined i i a g e  a coaplex 
m u l t ip le  image may oe produced. This d e fec t  i s  due to 
he te rogene i ty  of the g la s s ,  the s t r u c t u r e  of nhich fhen 
viewed by means of the in t e r f e ro m e te r  may appear as in  
F ig .  1 c .  Such a s t r u c t u r e  might resm l t  from im perfec t
s o l u t i o n  of  t ne  c o n s t i t u e n t s ,  t n e  n u c l e u s  of  a s p n e r e ,  
f o r  exampl e  in a. soaa  l i me  g l a s s  f o r  i n s t a n c e ,  b e i ng  
q u a r t z ,  h a v i n g  an o r d i n a r y  r e f r a c t i v e  i n d e x  of  1.E4,  and 
t n e  v a r i o u s  l a y e r s  b e i n g  s i l i c a t e s  of  g r a d u a l l y  d i m i n ­
i s h i n g  r e f r a c t i v e  m a e x ,  a p p r o x i m a t i n g  t o  aoou t  l . E which 
i s  t n e  i n d e x  f o r  s o a i u ?  s i l i c a t e ,  teach s p h e r e  a c t s  as  
a s ma l l  a p e r t u r e  l e n s  and f o r ms  a s e p a r a t e  p a r t  of t h e  
m u l t i p l e  i mage .
Local  r e t o u c h i n g  may s ome t i mes  s u f f i c e  f o r  t n e  
c o m p e n s a t i o n  of t h e s e  m u l t i p l e  image d e f e c t s .
I t  t ne  s p h e r e s  a r e  d i s t o r t e d  and merge i n t o  one 
a n o t h e r  as  i n d i c a t e d  by t ne  i n t e r f e r o m e t e r  a p p e a r a n c e  
m  F i g . 2 o, t h e  image p r o d u c e d  mi l l  t e  i n d e f i n i t e  or 
" f u z z y " ,  h e t o u c n i n g  in sucn  a c a s e  i s  u s u a l l y  i m p r a c t ­
i c a b l e  ana tr.e c a r t  must  a c c o r d i n g l y  t e  f i n a l l y  r e j e c t e d .
' t hese s e v e r a l  d e f e c t s  may a p c e a r  s i n g l y  or  m  com­
b i n a t i o n  and m  v a r i o u s  d e g r e e s .  Thus,  f o r  examc l e ,  m  
p r a c t i c e  c u r e  a s t i g m a t i s m  i s  se ldom found i n  o p t i c a l l y  
p a r a l l e l  p l a t e s  of t h i c k  g l a s s .  U s u a l l y  t n e  a p p e a r a n c e  
of t h e  i mage i s  a t t r i b u t a b l e  t o  l e n t i c u l a r  ana a s t i g m a t i c  
d e f e c t s  which may be c o mc e n s a t e d  oy wor ki ng  one s u r f a c e  
t o  a s u i t a b l e  c y l i n d r i c a l  ana t ne  o t h e r  t o  a s p h e r i c a l  
f o r m.
I t  s h o u l d  be r emembered t h a t  i n  t h e  e s t i m a t i o n  of 
t h e  v a r i o u s  types '  of d e f i n i t i o n  i t  i s  n e c e s s a r y  t h a t  
the i n s p e c t o r  s h o u l d  know t o what  e x t e n t  t h e  e r r o r s  a r e  
a t t r i b u t a b l e  t o  t h e  d e f e c t s  of h i s  eye ,  or  t o  t he  a p p a r ­
a t u s  empl oyed,  which s h o u l d  i n v o l v e  t h e  s m a l l e s t  p o s s i b l e
10.
nuioer of o p t ic a l  c a r t a .
Veins i f  not nuaerou3, and I f  unaccoapanied by o ther  
d e f e c t s ,  bare no s e r io a s  e f f e c t  apon tne d e f i n i t i o n .  A 
vein i s  usua lly  an e x t re a e ly  f i n e  thread of g la ss  r i c n e r  
in  s i l i c a t e  of a l u i i n a  than the surrounding subs tance ,  
lacn vein i s  equ iv a len t  to  a long a s t i g a a t i c  lens  of 
e x t re a e ly  sno r t  focus, and tne se p a ra te  iaage foraed by 
i t  i s  usua l ly  so d i f fu s e d  as to  be i n v i s i b l e .  But i f  the 
t e s t  oDject i s  a f i n e  l i n e ,  then by a aoveaent of tne  
eye tne  iaage say be a o a e n ta r i ly  occu l ted  by tne passage 
of tne vein in  f r o n t  of i t .  A nuaber of p a r a l l e l  veins 
say give r i s e  to  a r i p p l in g  appearance of tb s  iaage,  and 
be s u f f i c i e n t  cause fo r  tbe  r e j e c t i o n  of tbe  p a r t .  Often 
novever, tbe veins in g la s s  are an in d ic a t io n  of d e f e c t iv e  
boaogeneity,  and in tbs  bes t  sorb tbe use of sucn g la s s  
should be avoided.
For tne i n v e s t i g a t io n  of sp h e r ic a l  a b e r r a t io n  e r r o r s  
F oucau l t ' s*  ^ o r i g i n a l  k n i fe  edge ia tbod  i s  s t i l l j f r e q o e n t ly
(1)  F o u c a u l t ' s  aetnod is  d iscussed  in  the handbook 
on tne a d ju s ta e n t  and t e s t i n g  of te le sco p e  
o b je c t iv e s  by I .  Cooke 4 Sons. 1896.
11.
eaployed e s p e c i a l ly  in tne  case of la rg e  o b jec t  g lasses*
If  tbe eye of tbe observer  i s  placed c lo se  to  tbe focal  
p o in t  of tbe  o b jec t  g la ss  and rece iv es  a l l  tbe rays 
f a l l i n g  upon i t  f ro a  a s t a r  or i t s  eq u iv a len t ,  tbe  sbole a 
ap e r tu re  of tbe ob jec t  g l a s s  s i l l  aopear i l l u a in a t e d *  If  
tben tbe focas  i s  c a t  t r a n s v e r s e ly  by aeans of a kn ife  
edge sbicn should be aounted upon a f in e  ope ra t ing  se re s ,  
tbe sbole  ap e r tu re  s i l l  becoae dark a t  tbe i n s t a n t  tne 
kn ife  edge reaches tbe a x i s ,  i f  tbe o b je c t iv e  i s  id e a l ly  
perfec t*  If  a l l  tbe rays f ro a  tbe o b je c t iv e  do not 
pass tbrougb tbe ideal  focas ,  a noaber of rays s i l l  escape 
pas t  tbe  edge and s t i l l  reacb tne  eye, and tbe  a p e r t a r e  
s i l l  ce p a r t i a l l y  i l l u a i n a t e d ,  tbe d i s t r i b u t i o n  of tbe 
l i g n t  affGirding an in d i c a t io n  of tbe e x te n t  and A i s t r i -  
ba t ion  of tbe abe rra t ion*  In tbe  d i r e c t  focuss ing  s e t b o d ^  
tbe eye rece iv es  tbe foca l  isage  foraed by tbe ODjective 
of a n a tu ra l  or a r t i f i c i a l  s t a r ,  sb icb  appears as a s y s te s  
of d i f f r a c t i o n  r in g s  surrounding a c e n t r a l  spot of l i g b t .
Ey exaaining tne isage  out of focus on tbe near  and f a r
(1) On tne A djustaent  and f a s t i n g  of Telescope 
O b jec t iv e s .  fbos .  Cooke I  Sons, 1896*
s id e s ,  tbe na tu re  of tne sp h e r ic a l  a b e r r a t io n  e i t h e r  over 
tbe sbole  su r face  or over sones say be deduced f ro s  tbe 
change in the  d i s t r i b u t i o n  and ch a ra c te r  of tbe r i n g s .  
I r r e g u l a r  d e fe c ts  of tbe  su r fa ce s  or of the g la s s  say be 
in d ic a ted  by d i s t o r t i o n  of the  r i n g s .  Tnus an oval sbaoed 
sy s te s  sould denote a s t i g s a t i s a .  Cbroaa tic  a b e r r a t io n s  
say a l so  be in v e s t ig a te d  by using noaogeneous l i g h t  of 
var ious  save le n g th s .  These tso  aetbods,  and p a r t i c u l a r l y  
the fo ra e r ,  give q u a l i t a t i v e  r e s u l t s  r a t h e r  tnan q u a n t i ­
t a t i v e .  The l a t t e r  aetbod in  the bands of a s k i l l e d  
observer  i s  so re  p re c i s e  and the appearances aay be sore 
d i r e c t l y  i n t e r p r e t e d .
Special  f e r a e  of Micnelson 's  I n t e r f e r o a e t e r * ^  are 
nos f r eq u en t ly  eaployed fo r  tbe e x a a m a t io n  of p n s a s  and 
lenses ,  and even of coaplex o p t i c a l  s y s t e a s ,  a l though tbe 
i n t e r p r e t a t i o n  of tbe r e s u l t s  i s  then d i f f i c u l t .  Inen a
(1)  F. Tsyaan. On tbe Ose of tne I n t e r f e r o a e t e r  fo r
Test ing O ptica l  S y s te i s ,  T r a i l l  Taylor Lecture,  
Soy. Phot.  Soc. 1913.
F. fsyaan .  P h i l .  Mag. Vol.XXXV, J a n . 1918.
F. fsyaan .  C orrec t ion  of O ptica l  S u r fac e s .  Astro-
Phys. Journa l ,  Vol. 46, Mo.4, 1918.
Michelson. Astro-Pnya.  Journal ,  June, 1916.
s i s p l e  p r i s a  or o b jec t  g la s s  i s  exaained in t h i s  say 
tbe su r face  s i l l  appear o n i fo ra ly  i l l u a i n a t e d  i f  tae  
p iece  under t e s t  causes no r e l a t i v e  r e t a rd a t io n  of any 
po r t ion  of a plane save f r o n t ,  assuaing of course ,  tb a t  
tbe o p t ic a l  p a r t s  of tb8 i n t e r f e r o a e t e r  i t s e l f  bave been 
ac c u ra te ly  coapensa ted .
A co n cen t r ic  r ing  appearance sould in d ic a te  cu rva tu re  
of one or sore of tbe su r fa ce s  or a r eg u la r  v a r i a t io n  of 
tae e a t e r i a l .  I r r e g u l a r i t i e s  of su r fa ce s  or substance  
sould be in d ica ted  by a d i s t o r t i o n  of tbe  sys tea  of r i n g s .
Tbe i n t e r f e r o a e t e r  does not d i s c r i a m a t e  betseen 
r e t a r d a t i o n s  a t t r i b u t a b l e  to tbe g la s s  and to  tbe  su r face s ,  
except tbose du8 to d e f e c t iv e  annealing,  sb icb  aay be 
de tec ted  by observing tbe  s b i f t  of tbe r in g s  as a ba l f  
save p la t e  in s e r t e d  before  tbe  eye i s  r o t a t e d .  I t  i s  tbe 
r e s u l t a n t  r e t a r d a t i o n  t b a t  i s  in d ic a ted  oy tbe i n t e r f e r o ­
a e t e r ,  and by tbe use of tbe  i n t e r f e r o a e t e r  alone i t  i s  not 
p o s s ib le  to  a l l o c a t e  tbe coaponent d e fec ts  to  tbe p a r t i c u l a r  
e l e a e n t s .  But in p r a c t i c e  i t  i s  s u f f i c i e n t  to coapensate 
tbe r e s u l t a n t  d e fec t  by re touch ing  one of tbe s u r fa c e s  
and fo r  t h i s  pumose a contour  of tbe r ing  sy s tea  as  seen
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oy tbe  observer  i s  pain ted  apon tbe su r face  s e le c te d  for  
tbe re touch ing  o p e ra t io n .  By p o l ish in g  away tbe bigb 
p o r t io n s ,  ana r epea t ing  tbe  oose rva t ions  a c o s p a ra t iv e ly  
un iforn  d i s t r i b u t i o n  say a l t i s a t e l y  be oota ined ,  ana tbe 
d e f i n i t i o n  be thereby g r e a t ly  inproved.  Only la rg e  p r isaa  
and o b je c t iv e s  can be sub jec ted  to an expensive process 
of t b i s  k ind .  For tne production of a sp b e r ica l  sn r fa ce s  
tbe netnod i s  p a r t i c u l a r l y  v a lu ab le .
Cfirosatic a b e r r a t io n s  say be in v e s t ig a te d  oy tbe 
Vogel * ^ a e tb o d ,  provided tbe ap e r tu re  i s  not so s n a i l  
t b a t  a la rge  s b i f t  of tbe eyepiece i s  necessary to  d e t e c t  
a d i f f e r e n c e  of focus .  I t  i s  a l so  e s s e n t i a l  t b a t  tbe 
co ro n a t ic  e f f e c t s  due to  tbe eye and tbe eyepiece or 
o tbe r  p a r t s  involved should be p rev iously  d e te ra in e d .
In toe eyepiece th e re  i s  nounted a d i r e c t  v is io n  
p n s n  which f o r t s  a spec trun  of tbe  s t a r  iaage forned in 
tbe f i e l d  of view through tbe  in t e r s e d i a r y  of the p a r t  to
(1)  B.C. Vogel. Monats Bericb te  d, B e r l .  4ic. I860
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be t e s t e d .  I f  tbe c o r r e c t io n  i s  p e r f e c t ,  tbe s p e c t r a l ,  
sbeo tbe eyepiece i s  focussed, s i l l  appear as a t a in  l i n e  
of a n i fo r s  s id tb ,  oa t  i f  tb e re  i s  any c n r o a a t i c  ab e r r a t io n  
of p a r t i c n l a r  co lo a r s  t i e  corresponding p o r t io n s  of tbe 
s p e c t r a l  s i l l  be broader tbsn tbe reaa in ing  p a r t s .  I  
aeaso reaen t  of tbe a b e r r a t io n a l  d e fec ts  aay be ob ta ined  
by observing tbe s b i f t  of tbe eyepiece necessary  to  redace 
tbe  var ioas  sidtb3 to  a a in ia o a  aaount .  Tftis aetbod 
indicates only tbe general c b r o a a t i c  d e f e c t .  I t  can bardly 
d i s c r im in a te  betseen sones and as tbe a p e r t a r e  i s  redaoed 
by s topping  oa t  tbe  p e r ip h e ra l  p o r t io n s ,  tbe u se fu ln e ss  
of tne aetbod i s  d ia in i s b e d .
P rec ise  a e a s a re ie n ta  of tbe v a r io a s  a b e r r a t io n s  a re  
ob ta in ab le  even in tbe case  of o b je c t iv e s  of s a a l l  ape r tu re  
by tbe Abbe F oc ia e te r  a e t b o d / 1*
Bat probably tbe a o s t  c o a p le te  and p r e c i s e  i n v e s t ig a t io n  
of tne sp b e r ic a l  and c b r o a a t i c  a b e r r a t io n s  of any o p t i c a l
(1)  S. Csapski.  Metbode and Apparate aur Bestiaaong von 
Brennseiten nacb Aobe. 2 e i t s c b .  f .  I a s t r k .  lfc, 
p 165. 16*2 .
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c a r t ,  i s  o b t a i n a b l e  by t h e  Har tmann metnod oy means of 
which t ne  f i n a l  p o s i t i o n s  of p a r t i c u l a r  r a y s  a r e  l o c a t e s  
i n  a manner  c o mp a r a c l e  wi t h  t ne  t r i g o n o m e t r i c a l  c o mp u t a t i o n  
of t n e  p a t h s  of r a y s .  ^yi r . aiet r i cal  1 y a r r a n g e s  h o l e s  i n  a 
d i a phr agm d e t e r m i n e  t n e  p o r t i o n s  of t n e  o p t i c a l  p a r t  t o 
t e  t r a v e r s e d  t y  t h e  f i n e  t u n a l e s  of r a y s  which a r e  f i n a l l y  
r e c e i v e d  upon p n o t o g r a c n c  p l a t e s  s i t u a t e d  a t  s y mme t r i c a l  
p o s i t i o n s  c e f o r e  ana a f t e r  t n e  f o c a l  p l a n e .  From t he  
s c a c i n c  of  t n e  i mages  on t n e  c n o t c g r a p h i c  p l a t e s  i n  com­
p a r i s o n  wi t h  t ne  s o a c i n g  of t ne  h o l e s  i n  t he  d i aphr agm t h e  
a t e r r a t i o n s  can  ce d e t e r m i n e d .  S e c a r a t e  o b s e r v a t i o n s  wi t h  
l i g h t  ot d i f f e r e n t  c o l o u r s  a r e  made f o r  t h e  d e t e r m i n a t i o n  
cf  c h r o m a t i c  a b e r r a t i o n ,  i n e  o r i g i n a l  method of exami n i ng  
t ne  o p t i c a l  Der f or mance  ot an o b j e c t i v e  cy means cf  s e l e c t e d  
r a y s  i s  d e s c r i b e d  cy F a t h e r  Cn e r u c i n  15 who a l s o  d e m o n s t r a t e s  
t h e  e f f e c t s  of  d e f e c t i v e  c e n t e r i n g  and e m p h a s i s e s  t h e  i mpor t  
ance  of  a c c u r a c y  in t h i s  r e s p e c t .
From a c o n s i d e r a t i o n  of t he  l i g h t  i n t e n s i t y  a t  a f oc a l  
c o i n t  Lora h a y l e i ^ h  ' has  s t a t e d  t h a t  Min g e n e r a l  we may
( 1 )  J .  Har t mann .  C b j e k t i v u n t e r s u c h u n g e r .  i e i t s c h .  f .  
I n s t r k .  24, 1904.
H. F a s s t e n d e r .  Z e i t s c h .  f .  I n s t r k .  ?? ,  p . 177.  l e i ? .
( ? )  F e r e  Cf c e r u t i n .  V i s i o n  f a r f a i t e ,  Vo l .  I l . p . l O a ,  a l s o  p.
» i l ) i a *  MoJyne j x .  C i o r t n c s ,  F a r t  I I ,  Cfcap.IV,
r C r  r  p • && C. *
( ? )  Loro f i a y l e i g t .  S c i e n t i f i c  F a c e r s ,  V o l . I l l ,  p . 100 3 no
P . 104.  Al so L.  S i !  t e r s t e i n ,  Ligr . t  D i s t r i b u t i o n  
rouno t b e  Focas  c f  a Lens ,  F r . i l .  Vas .  Vol .XXIV,
P.  3E, I S i b .
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say t b a t  ab e r r a t io n  i s  u n iap o r tan t  sben i t  nosnere, (or  
a t  any r a t e ,  over a r e l a t i v e l y  a a a l l  area only) exceeds a 
a a a l l  f r a c t i o n  of tbe save leng th  ( / ) •  fbus in  e a t i a a t i n g  
tbe i n t e n s i t y  a t  a focal  po in t  anere m  tbe absence of 
a b e r r a t io n s  a l l  tbe secondary sa fe s  sould bate  ex ac t ly  
tbe  ease pbase, se see t b a t  an a b e r r a t io n  nosbere exceeding 
k ' can base bat  l i t t l e  e f f e c t " ,  and again, "bn i a p o r t a n t  
p r a c t i c a l  question i s  tbe aaount of e r ro r  a d a i s a ib l e  in 
o p t ic a l  s u r f a c e s .  In tbe case  of a a i r r o r  r e f l e c t i n g  a t  
nea r ly  perpend icu la r  inc idence  tb e re  should be no dev ia t io n  
f ro a  t r a t b  (over an ap p rec iab le  a r e a l  of aore  tbaa g \  .
For g la s s .  -1 •  t  n ea r ly ;  and bence tbe a d a i a s ib l e  e r r o r  
in a r e f r a c t i n g  su r face  of t b a t  a a t e r i a l  i a  four  t i a e a  as 
g r e a t . "  f b i s  e s t i a a t e d  value  of Lord f iayli lgb of tbe 
p e r a i s s i b l e  pbase d i f f e r e n c e  i s  gen e ra l ly  c o n f i raed  by 
p r a c t i c a l  exper ience .
t e s t  p l a t e s  are  very coaaonly ased fo r  tbe  exaa ioa t ion  
of tbe aurfacea  not only daring tbe progress  of tbe sork, 
but a l so  in  tbe f i n a l  t e s t i n g ,  s i t b  a v ie s  to  tbe a l l o c a t i o n  
of any observed d e fe c ts  of d e f i n i t i o n .
18.
S i r  Isaac  H es ton*^bas  d e a l t  very exhaus t ive ly  s i t u  
tbe co lours  of tb in  p l a t e s ,  tb icb  bad prev iously  oeen 
observed, out not completely descr ibed  by o tbe r  »orkera .  
Although i t  i s  ev iden t  f ro a  Renton 's  d e s c r ip t io n  t b a t  be 
r e a l i s e d  tb a t  tbese  co lo u rs  afforded an in d ic a t io n  of 
a in u te  i r r e g u l a r i t i e s  of th ickness  of toe  in te rv e n in g  
lay e r ,  i t  i s  not so c l e a r  tb a t  i t  sas  b is  p r a c t i c e  to  t e s t  
toe  su r fa ce  being operated  upon in comparison s i t b  a t e s t  
p l a t e  saving a very p e r f e c t  o p t i c a l l y  f l a t  s u r f a c e .
Tbese t e s t  p l a t e s  sb icb  a r e  toe  aos t  va luab le  of tbe 
p r a c t i c a l  o p t i c i a n ' s  app l iances  are  usua l ly  made of q u a r t s .  
But fo r  reasons of econoay g la s s  t e s t  p l a t e s  sbicb f ro a  
t i a e  to time must be coapared s i t b  tbe s tandard  q u a r t s  
p l a t e s  are  employed. Quarts bas toe p r iaa ry  advantage of 
bardness .  Tbe f requen t  c lean ing  of tbe t e s t  s u r fa ce  tb a t  
i s  e s s e n t i a l ,  soon i a p a i r s  tbe d e f i n i t i o n  in  tbe  case  of 
a g la s s  p l a t e ,  and even in tbe cass  of q u a r t s  a good sorker  
bandies tne su r face s  s i t b  toe  g r e a t e s t  c aee .
(1)  S i r  I saac  Hestoo -  O p t icks .  1704. Book I I ,  p a r t  I .
19.
For f i a t  work tne  p a r a l l e l  q u a r t s  p l a t e ,  saving an 
approx iaa te  tn ickoess  of about one f i f t n  i t s  d i s a s t e r  i s  
poliebeci on ootn s id e s  and worked as p e r f e c t ly  f l a t  as 
p oas io le  on a t  l e a s t  one side* loen tne  t e s t  p l a t e  su r face  
i s  placed upon tne su r fa c e  to  ne t e s te d  i f  tne l a t t e r  i s  
tne l a r g e r  and tne so re  r i g i d ,  a th in  la y e r  of a i r  i s  
enclosed between tn e s .  Diffused s n i t e  l i g a t  vnicn i s  
r e f l e c t e d  f roa  tne two su r fa c e s  of tne a i r  f i l s  g i t e s  r i s e  
to in t e r f e r e n c e  co lou rs  wnicn say be viewed by a s u i t a b ly  
placed eye.  I f  sonocn roaa t ic  l i g n t  i s  used nuserous f in e  
i n t e r f e r e n c e  l i n e s  a re  v i s i b l e ,  in d ic a t in g  a in u te  v a r i a t i o n s  
t n a t  cannot be de tec ted  wnen using wnite l i g n t .  Since tne 
t e i o e r a t u r e s  of tne work and of tne  t e s t  p l a t e  w i l l  ao s t  
probably oe unequal, severa l  s y s t e a s  of S e a to n 's  r in g s  
ac re  or  l e s s  d i s t i n c t  w il l  oe v i s i b l e .  As tne  t e a p e ra tu re s  
e q u a l i s e ,  tne r in g s  w il l  broaden and in tne course of I  to  
30 a in u te s ,  or aore according to  toe  voluae of tne p a r t s ,  
i f  tne  su r fa ce  i s  p e r f e c t ,  a u n i fo ra  straw yellow appearance 
say be ootained by s k i l f u l  a a n ip u la t io n  of tne  p l a t e .  I f  
tne su r face  i s  r e g u la r ly  curved, co n c en t r ic  r in g s  s i l l  be 
sees ,  and tne g r e a t e r  tne c u rv a tu re  tne  c l o s e r  s i l l  be tne 
spacing of tne r in g s ,  provided tne s u r fa c e s  a re  c lean  and 
dry and tne t e s t  p l a t e  i s  p rooer ly  bandied.  D is to r ted
r io g s  or bands in d ic a te  i r r e g u l a r i t y  of tne  s u r fa c e  
r e l a t i v e l y  to ta e  t e s t  p l a t e .  If  when tne  t e s t  p l a t e  i s  
gen t ly  pressed e c c e n t r i c a l l y  by lean s  of a poin ted  p iece  
of soodf and not tne f i n g e r ,  tne  c e n t r e  of tne r in g s  soves 
towards tne po in t  of a p p l i c a t io n ,  tne su r face  uader t e s t  
i s  convex. I t  i s  very important t n a t  tne a d ja ce n t  su r faces  of 
tne work and tne t e s t  p l a t e  should not only be tnorougnly 
c lean  and f re e  f ro a  tne a i n u t e s t  specks of dust ,  but  t n a t  
tney snouid a l so  be f r e e  f ro a  any t r a c e  of a o i s t u r e ,  tne 
c a p i l l a r y  ac t ion  of wnicn would lo c a l l y  d i s t o r t  tne p ieces  
and give a f a l s e  i n d i c a t i o n .
For tne b es t  q u a l i ty  of work g rea t  s k i l l  i a  necessary 
i a  tne use of a t e s t  p l a t e ,  tne i n d i c a t io n s  of anicn 
req u i r e  ca re fu l  i n t e r p r e t a t i o n .  F l a t  su r fa ce s  aay be 
f i n a l l y  t e s te d  by an a n a ly s i s  of tne r e f l e c t e d  iaags  in 
tne  Banner a l ready  d e s c r ib e d .  The r e f l e c t i o n  t e s t  i s  tne 
aore  r e l i a b l e ,  but tne t e s t  p l a t e  nas tne a e r i t  of g r e a t  
convenience and fo r  tne g r e a te r  p a r t  of tne  work tne  o p t ic ia n  
i s  c a l l e d  upon to p e r fo ra ,  i t  i s  tnorougnly r e l i a b l e  and 
in v a lu a b le .  For curved work, one su r face  of tne t e s t  p l a t e  
i s  worked to  tne a p p ro p r ia te  curve and tne  o tn e r  su r fa c e  
i s  aade f l a t ,  fne r a d iu s  of tne curved t e s t  s u r fa c e  i s
aeasured by leans  of a spberoae te r  or the focus say be 
d e te r s in e d  o p t i c a l l y .  I t  s i l l  be understood t b a t  tne p r laa ry  
func t ion  of tbe  t e s t  p l a t e  i s  not to  ob ta in  ab so lu te  s e s su re -  
se n ts .  but to  d e t e r s in e  tbe ex ten t  and na tu re  of tbe 
d i f f e r e n c e  oetseen tne sorbed su r face  and t i e  t e s t  p la te*
To i n d i c a t e  tbe p e r s i s s i b l e  asount of i r r e g u l a r  d i s t o r t i o n  
i s  bardly possible* I f  tb e re  i s  any n o t ic ea b le  i r r e g u l a r i t y  
tbe su r face  should oe revorked* S l ig h t  angular  e l l i p t i c i t y  
say be p e r s i s s i b l e  e s p e c i a l l y  sben tne  a s t i g s a t i s s s  of tso  
t ran8S i8s ion  faces  a re  norsa l  to  one another* Curvature 
to  tbe ex ten t  of one and a h a l f  to  two c o a p le te  r in g s  is  
g en e ra l ly  regarded as being j u s t  p e r s i s s ib l e *  I t  a ig n t  be 
tbougnt tb a t  sucb a s t a t e s e n t  sould r e q u i r e  ex tens ive  
q u a l i f i c a t i o n  according to  tne  s i z e  of tbe p a r t ,  i t s  
func t ion ,  and i t s  p o s i t io n  in  tbe  o p t i c a l  s y s t e s .  p a r t i c u l a r ­
ly as regards i t s  d i s t a n c e  f ro s  a focal  plane* P ra c t i c a l  
exper ience  bovever sbovs t b a t  t b i s  l i s i t  of tso  r in g s ,  wbics 
accords v i tb  tne p r a c t i c e  of a t  l e a s t  one la rg e  Gersan f i r s , *
(1) «. Zschokke. f e s t s c h r i f t ,  f i n s  C.P. Goers, p .  140
£2.
covers » very aide range of fo rk .  Factory co n d i t io n s  
renaer  i t  p r a c t i c a l l y  i a p o a s io l e  to  ad ju s t  tne l i a i t a  to  
s u i t  tbe requi  r^.an t s  3f i n i  17 id a j1 it.r i c r c t r c y
i s  t e t a r d s  tbe adoption of app rox isa te ly  one general  and 
bigb s tan d a rd ,  of o p t i c a l  q u a l i t y .
For p r a c t i c a l  reasons i t  i s  cus toaary  to  d iv id e  tbe 
process  of t o r k i n g  o p t i c a l  s u r fa c e s  in to  tferee s t a g e s .
(1) 'lne fo rs in g  s tage  in ib ic b  tne s i s e  and shape of tbe 
p a r t  i s  accu ra te ly  d e t e r s in e d ,  (£)  the s s o o t t in g  s tage  
and (? )  tbe po l ish ing  s ta g e .
Stages (1 /  and (£) involve the use of ab ra s iv es  and 
tnese  ope ra t io n s  are  accord ing ly  per fo rsed  in rooss q u i te  
s e p a ra te  f ro s  the  p o l i s h in g  d e p a r t s e n ts  th e r e  f in e  sed ia  
only are  esp loyeo .  Eat i t  s u e t  not be assused t b a t  tb s  
polished  appearance of the  su r fa c e  as d i s t i n c t  f r o s  
r e g u l a r i t y  of su r face  i s  a phenosenon t h a t  only takes  
place as a r e s u l t  of the  po l i sh ing  p ro cess .  Actually  a 
c e r t a i n  asount of p o l i sh  i s  a s soc ia ted  t i t h  the  use of 
the roughest  a b ra s iv e .
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I t  i s  only within co ap a ra t iv e ly  recen t  years tb a t  
tne e o l e c a la r  r e g u la r i t y  of po lished  su r fa c e s  aas rece ived  
r e c o g n i t io n ,  tbe  e a r l i e r  conception i s  very c l e a i l y  
expressed by S ir  I saac  Heston* ^ i n  t s e  f o l l o s i a g  s o r d s : -
"For in p o l i sh in g  g la s s  s i t n  sand, pu t ty  or t r i p o l i ,  
i t  i s  not to  oe iaag ined  t a a t  t a e se  saos tances  can, by 
g ra t ing  and f r e t t i n g  tne  g la s s ,  bring a l l  i t s  l e a s t  p a r t ­
i c l e s  to an accura te  p o l i s h ,  so t n a t  a l l  t a e i r  s u r fa c e s  
s h a l l  oe t r u ly  p la in  or t r u l y  sp n e r io a l  and lo o t  a l l  tee  
sane say so as toge ther  to  coapose one even s u r f a c e ,  Tbe 
s s a l l e r  tne  p a r t i c l e s  of tnoae substances  a re ,  t e e  a a a l l e r  
s i l l  be tbe  ec ra tcnes  by se icb  taey c o n t in u a l ly  f r e t  and 
sear  asay tne g la s s  u n t i l  i t  be polished,  bu t  be taey sever 
so s n a i l  tney can s e a r  asay tee  g l a s s  no o t b e r s i s e  t e a s  by 
g ra t in g  and s c ra tc h in g  i t  and breaking tbe  oro tuberancea  
and th e re fo re  po l ish  i t  no o t b e r s i s e  teas  by b r ing ing  i t s  
roughness to  a very f i n e  gra in  so t b a t  tbe s c r a t c i e s  sad 
f r e t t i n g s  of the su r fa ce  becoae too s a a l l  to  be v i s i o l e , ”
There i s  no in d ic a t io n  here th a t  Heston regarded the
U )  H eston 's  O p t iks .  <1704). Second book, page 6b.
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su r face s  as being s o le c u la r l y  r e g u la r  or cosparab le  s i t s  
tbe  su r face  of a l i q u i d .
Subsequent w r i t e r s  navi not n e s i t a t e d  to  accept s i t n o u t  
ques t ion  and to repea t  tne s t a t e s 8 n t  of so a u t n o r i t a t i v e
an observer  as Newton, fhus ,  fo r  exasp le ,  Coddington,^
2 5S ir  Herschel,  and S i r  David Brewster use p r a c t i c a l l y
tne words of Newton wnen d esc r ib in g  a polisned  s u r f a c e .
I f  po l ish ing  were so re ly  a c o n t in u a t io n  of tne  g ra t in g  
and f r e t t i n g  of tne su r face  pro tuberances  i t  should be 
p o ss ib le  to observe a continuous sequence of appearances 
f ro s  coarse  concboidal f r a c t u r e s  to a g ra in  of u l t r a -  
a ic ro sco p ic  c h a r a c t e r .  But i f  the opera t ion  of p o l i sh in g  
a ssoothed su rface  i s  p e r fo rsed  under the s ic ro sco p e ,  i t  
w il l  be seen th a t  nuserous patches of p e r f e c t  p o l i sh  akin to
1 Coddington*8 Optics (1826) p. S2.
2 S i r  J .F .V , Herschel, incyclopoedia  Metropolitan (1890)
Optics ,  p. 447,
8 S i r  David Brewster,  Optics ,  p, 169.
t ne  s t i l l  s u r f a c e  of a l i q u i d  a r e  formed a l mo s t  i n s t a n t l y  
and t h a t  t h e s e  p a t c h e s  e x h i b i t  no i n t e r m e d i a t e  s t r u c t u r e  
o t h e r  t han  a c c i d e n t a l  s c r a t c h e s  and k i n d r e d  d e f e c t s .
Lord h a y l e i g h ^ i n  a l e c t u r e  on " P o l i s h "  a p p e a r s  t o  
nave ceen t h e  f i r s t  t o  d e s c n o e  t h e i r  a p p e a r a n c e ,  he 
s t a t e s  t h a t ,  " i n  view of  t h e s e  phenomena we r e c o g n i s e  i t  
i s  s ome t h i ng  of an a c c i d e n t  t h a t  p o l i s h i n g  p r o c e s s e s  as  
d i s t i n c t  f ro® g r i n d i n g  a r e  nee ae d  a t  a l l  ana we may be 
t e mo t e a  to i n f e r  t h a t  t h e r e  i s  no e s s e n t i a l  d i f f e r e n c e  
be t ween t h e  o p e r a t i o n s .  T m s  a p p e a r s  t o  have ceen t he  
o p i n i o n  of h e r s c h e l  ( a s  e x p r e s s e d  m  t h e  ftnc.  Met .  A r t .
|  r  j
L i g h t ,  p p . 447 to  830)  whom we may r e g a r d  a s  one of t he  
f i r s t  a u t h o r i t i e s  on such  a s u b j e c t .  But  a l t h o u g h  p e r n a p s  
no s u r e  c o n c l u s i o n  can ce d e m o n s t r a t e d ,  t h e  b a l a n c e  of  
e v i d e n c e  a p p e a r s  to p o i n t  in t h e  o o c o s i t e  d i r e c t i o n . " . . . ,  
"Under  t h o s e  c o n d i t i o n s  whi ch p r e c l u d e  more t ha n  a
( 1 )  Lord h a y l e i g h ,  " P o l i s h " ,  hoya l  I n s t i t u t i o n ,  March 29,
1901.  See a l s o  Lord h a y l e i g h ,  " I n t e r f e r e n c e  Bands 
and t h e i r  A p p l i c a t i o n s " ,  hoya l  I n s t i t u t i o n ,  March 84, 
1903.  Al so " P o l i s h i n g  of G l a s s  S u r f a c e s " ,  P r o c .  Op t .  
C o n v e n t i o n ,  N o . l .  1 9 0 5 , o . 73 .
( 2 )  He r 3 Ch e l ' 8  d e s c r i p t i o n  i s  p r a c t i c a l l y  a r e p e t i t i o n  of
Ne wt o n ' s  e a r l i e r  o b s e r v a t i o n s .
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moderate pressure i t  seems probable t b a t  no g r i t s  are  
formed by tbe breaking out of fragments but t b a t  tbe 
a a t e r i a l  i s  worn away almost m o l s c u l a r l y . " . A n d  
l a t e r  be s t a t e s ,  "But so mucb d i s c o n t i n u i t y  as compared 
witb tbe gr inding ac t ion  bas to be admitted in any case 
t b a t  one i s  i n e v i t a b ly  led to tbe conclusion t b a t  in a l l  
p r o b a b i l i t y  t&e operat ion i s  a molecular one and t b a t  no 
coherent  fragments con ta in ing  a l a rge  number of molecules 
are broken out .  I f  t h i s  were so tne re  would be mucb l e s s  
d i f fe re n ce  tban Herscbel tbougbt  between tbe su r fa ce s  of 
a pol i shed so l i d  aod of a l i q a i d . ”
Altbougb tne molecular c ha ra c t e r  of tbe poliBbing 
operat ion  and tbe s i m i l a r i t y  of tbe su r face produced to 
t b a t  of a l iqu id  are q u i t e  d e f i n i t e l y  expressed,  and, 
a l tbougb Lord Rayleigh bas r e f e r r e d  in o tbe r  of b i s  papers 
to tbe remarkable p o o l - l i k e  appearance of elementary 
pol i shed patches of a g la ss  su r face ,  i t  i s  not q u i t e  c l e a r  
whether be regarded tne r e s u l t  as being due to the removal 
of the substance molecule by molecule as d i s t i n c t  from 
the removal of minute aggregates  of molecules or as being 
due to a molecular  rearrangement  or flow of tbe sur face 
molecules as in tbe case of a l i q u i d .
This l a t t e r  concept ion i s  a t t r i b u t a b l e  very l a rge ly  
i f  not e n t i r e l y ,  to Sir  George Be i l ty ,  who bas developed 
i t  in a s e r i e s  of papers^deal ing  p r i n c i p a l l y  witb a e ta l  
su r faces ,  tne t e n ac i ty  of which i s  3acb tb a t  tbe sa r fa c e  
amorphous l ayer  i s  capable of br idg ing  over su r fa ce  
c a v i t i e s  ev6n when tbese  are not c oa p l e t e l y  f i l l e d  witb 
d e b r i s .  I t  i s  very doubtful  i f  any sucb b r idging over 
of even a inu t e  c a v i t i e s  occurs in g las s  owing to tne 3aal l  
cohesion of tne s i l i c a t e s  83 coapared with t b a t  of tbe 
meta l s .*
According to tbe molecular  flow theory of po l i s h in g ,  
tbe fo rces  exercised by tbe p o l i s h e r  upon tbe sur face
1 Papers,  G.T. Bei lby.
Surface Flow in C r y s t a l l i n e  Sol ids  under Mechanical 
Dis turbances .  Proc.  Roy.Soc. Vol.  72, 190B.
Tbe I f f e c t s  of Heat and of Solvents  on Thin F i l a s  of 
Metal.  Procs.  Roy.Soc. Vol.  12, 190B.
Tbs Hard and Soft  S t a t e s  in Metals .  P h i l .  Mag. Aug. 1904 
Tbe In f luence  of Phase Changes On Tenacity of Duct i le  
Metals,  e t c .  Procs.  Roy. Soc. Vol.  A76, 1905.
Tbe Hard and Soft  S l l t e s  in Duct i le  Metals.  Vol. A78,190 
Surface Flow in C a l c i t e .  Procs.  Roy. Soc. Vol. A82, 1907 
Transparence or Translucence of tbe Surface F i l a  pro­
duced in Pol ished Metals .  P rocs .  Roy. Soc. Vol. A89,1924
2 Soae Notes on Glass Grinding and Pol isbing ,  J.W. French,
O p  I*.  S o c ,  M .  x v n  t 9 i  h
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molecules of tbe g lass  3u f f i c e  to overcome tbe cohesive 
fo rces  binding tne® to ge the r ,  witb tbe r e s a l t  t b a t  tbe 
molecules rearrange themselves uniformly under tbe ac t ion 
of t b e i r  su r face tension f o r c e s .  Tbu3 i t  would appear 
tb a t  tbe grain of a pol ished sur face ,  being molecular,  i s  
mucb f i n e r  tban i s  a c t u a l l y  required fo r  tbe regu la r  
r e f l e c t i o n  of even tbe s h o r t e s t  v i sua l  rays a t  normal 
inc idence.
Pol ished l ayers  may be produced in several  ways 
al tbougb in a l l  cases  tbe ac t ion  i s  fundamental ly tbe same, 
f i r e  glazed sur faces  r e s u l t  from tbe thermal a g i t a t i o n  
and consequent flow of tbe su r fa ce  molecules.  Clemical 
fo rces  produce a s i m i l a r  r e s u l t .  Provided p recau t ions  
are taken to prevent  tbe accumulation of f l u o r i d e  c r y s t a l s ,  
very p e r f e c t  l i g h t  r e f l e c t i n g  g las s  su r fa ce s  cay be 
produced by tbe ac t ion  of Hydrof luor ic  a c i d . 1
1 Lord Rayleigh ’•Pol ish” Royal I n s t .  Varch 29, (1901.
Tbe wr i t e r  bas confirmed Lord Ray le igh ' s  experiments 
and bas reduced by means of Hydrof luor ic acid tbe 
su r face  of a pol ished p l a t e  to tbe ex t en t  of about 
50 a  without  adversely a f f e c t i n g  i t s  o p t i c a l  p e r f e c t i o n .
£9.
When a piece of g l a ss  i s  f r a c t u r e d  tne fo rc e s  a t  tbe 
cleavage edge so profoundly d i s t u r b  tbe ao l e c a le s  t b a t  
tbey are able to flow and fora  tbe c h a r a c t e r i s t i c  
po l i shed  appearance of a f r a c t u r e d  s u r f a c e .
I t  i s  hardly po ss ib le  to  f r a c t u r e  a p iece  of g las s
so suddenly t b a t  i t s  su r face  i s  not po l i shed .  Osder tbe
s ic roscope  a rough.ground su r fa ce  i s  seen to c o n s i s t  of
numerous concboiaal  depress ions  tbe su r fa ce s  of which are
a l l  l i g h t  r e f l e c t i n g ,  and which say indeed be sade to  ac t
#)as so sany se p a r a te  l ense s  of poor q u a l i t y .  Closer 
e x a s m a t i o n  wil l  d i s c l o s e  a rounding of a l l  the r i dges  
where the concboiaal  s u r fa ce s  i n t e r s e c t  t b a t  can only be 
a t t r i b u t a b l e  to viscous f low,  the r idges  have a cha r ­
a c t e r i s t i c  yellow green colour  whether the g la ss  i s  f l i n t  
or crown. Where these  r i d g es  i n t e r s e c t  e l eae n t a ry  polished 
patches  are  found and i f  an a t t e i p t  were sade to po l i sh  a 
rough ground sur face  of t h i s  type,  i t  woula be seen t h a t
I  Lord Rayleigh.  I n t e r f e r e n c e  bands and t h e i r  a p p l i c a t i o n s .  
Royal I n s t .  March 24, 1695.
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these  e l e s e n ta r y  patcnes would oe extended a n t i ]  they 
jo ined one another  with the  u l t i a a t e  formation of a 
cont inuous pol ished su r fa ce .
lo oraer  t h a t  tne workshop p rocesses  say De sore f u l l y  
understood the f e a t u r e s  c h a r a c t e r i s t i c  of aoras ion and 
po l i s h i ng  must De cons idered in d e t a i l .
Suppose a small s t e e l  Dali i s  pressed upon the polished 
sur face  of a g l a s s  cuhe the t r an sv e rs e  faces  of shich are 
a l so  pol i shed so t h a t  the s t r e s s e s  int roduced say he 
viewed by means of a p o l a r i s c o p e . 1 Nhen the p r essure  is  
very l i g h t ,  the appearance between the crossed Nicols  is  
as in Fig .  2. the c e n t r a l  black cone has an angle of 
about 20° which aopears to ce p r a c t i c a l l y  independent  of 
the p r e s s u r e ,  fhe cone of s t r a i n  h,h,  has an angle of 
about 90°.  Sose sur face  l i g h t  i s  v i s i o l e  a t  d ,d .  At low 
pressures  the dark cones c and a se rge  s o f t l y  in t o  b. As 
the p ressure  i s  increased the i n t e r f a c e s  Decose more in tense ly
1 J . l .  French.  Percussion Figures  in I s o t r o p i c  S o l i d s .  
Nature,  Nov. 20, 1919, p, 312.
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def ined,  oat  tne angles  do not a l t e r  appr ec iab ly .  Fortner  
ge n t l e  in c re ase  of p ressure  causes tne sur face  l ayer  to 
r ap tu r e  as in F i g .?  wnicn i s  a pnoto-s ic rograph of an 
etcned pol lened sur face  rep ea ted ly  ruptured by gen t l e  
i a p a c t .  If  tne Micols are  p a r a l l e l e d  nlack rays e i l l  be 
seen proceeding f roa  tne edge of tne crack as in Fig.4,  
t n e l r  d i r e c t i o n  in d ic a t in g  t n a t  tne crack i s  noraal  to 
tne sur face  and not ae re ly  s u p e r f i c i a l .  Tne c n a ra c t e r  of 
Fig.fc i s  not appreciably a l t e r e d .
a new pdenoaenon aakes i t s  appearance aaen tne 
p r essure  i s  again in c rea sed ,  I i a e d i a t e l y  under tne ba l l  
the re  appears as in F i g . 5 a sphere pierced by tne f i l e -  
aent  of the cone a, and having a black o u t l i n e  t inged 
a i t n  rea on the o u t s i d s .  The i n t e r i o r  i s  f i l l e d  a i t n  
green blue l i g h t ;  o t h e r a i s e  tbe general  appearance of F i g . 2 
i s  u n a l t e r e d .  I f  nos the Nicols are  p a r a l l e l e d ,  i t  s i l l  
be seen t n a t  tne s e l l  knosn type of conical  f r a c t u r e* n a s
1 L ' i c l a t e a e n t .  Cn. de F r e a i n v i l l e ,  fievue de Ue t a l l o rg ie  
Sept .  1914, Sect .  VII,  p. 60
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been produced as ind ica ted  in F i g . 6 .  foe coloured sphere 
of F ig .5  i s  a c e r t a i n  in d i c a t i o n  of tne ex i s t en c e  of a 
cone f r a c t u r e .  Bxasinat ion with tne Nicols  in  aa i n t e r -  
• e d i a t e  p o s i t io n  shows t n a t  tne cone f r a c t u r e  union fol lows 
tne su r fa ce  of n i s  t a n g en t i a l  to tne spnere union i t  
e n c l o s e s .  I f  tne p re ssu re  i s  again inc reased tne crusning 
po in t  i s  soon reached.  The g la ss  under tne ba l l  co l l a p s e s  
a l s o s t  exp los iv e ly ,  a d i s t i n c t  c l i c k  being aud ib le ,  and 
tne ba l l  s inks  deenly tnrougn the s u r f a c e ,  a t  tne aoaent  
of t n i s  co l l a p s e ,  tne cone of l i g n t  t broadens oat  owing to 
tne ex tens ion of tne a rea  of p r e s s u r e .  Tne cone f r a c t u r e  
a l so  say extend n o r i z o n t a l l y  l i k e  the b r ie  of a nat ,  tnus 
d e f i n i t e l y  t e r s i n a t m g  tne deptn below tne sa r f ac e ,  and 
tbe space witnin tne cone becones c l e f t  by one or by two 
f r a c t u r e  planes*noraal  to  one another  and baying t b e i r  
l i n e  of i n t e r s e c t i o n  on tne axi s  of tbe datk cone a, as 
in F i g . 7. Tbe d i a s e t r a l  planes  say be extended to  tne 
b r i s  as in F i g . 8.  Onder crossed Nicols two new s s a l ]  
coloured spheres  i n d i c a t i v e  of sub s i d i a ry  c racks  say be 
observed as in F i g . 9.
Now the g r a ins  of an abras ive  such as carbotunaoa are 
aodular , and hard and akin to tne s t e e l  b a l l s  used in tne
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exper iment .  But a rough ground or smoothed g l a s s  p l a t e  
exniDi t s  no cone f r a c t u r e s ,  notwi ths tanding  the vas t  
nuacer of ifepacts t h a t  au s t  have occurred in the o p e r a t io n .  
Only i f  the  tool  ca r ry ing  the abr as ive  i s  lowered sharply  
on to the g la s s  sur face  wil l  a nusber of cone f r a c t u r e s  
procably be formed.
Pros t h i s  i t  seeas ev iden t  t h a t  the g r inding  of g lass  
i s  not  the r e s u l t  of any such normal p ress ure  of the gra ins ,  
and another  exp lanat ion  s u s t  be obta ined .  In the e x p e r i ­
ments with the s t e e l  b a l l  as descr ibed above, the fo rc es  
were s y i s e t n c a l  about the v e r t i c a l  a x i s .  Iben the 
p r essure  i s  appl ied  near the edge of the su r fa ce ,  the new 
appearance corresponding with the s t age  i l l u s t r a t e d  in 
F ig .£  wi l l  be as i l l u s t r a t e d  in F i g . 10, from which i t  wil l  
be seen t h a t  the c e n t r a l  cone i s  now devia ted  towards the 
s i d e .  I t s  ax is  along which f r a c t u r e  f i n a l l y  t akes  place 
fo l lows the c h a r a c t e r i s t i c  concboiaal  s e c t i o n .  I t  i s  
presumably the impact of the ab ras ive  g r a i n s  on the edges 
of c a v i t i e s  t h a t  produces the conchoidal  s p l i n t e r i n g  of a 
ground sur face  as in d ic a t e d  in F i g . 11.
As i t  i s  the t r a n s v e r s e  movement of the tool  r e l a t i v e l y  
to the g l a s s  t h a t  fo rc es  the hard g r a i n s  a g a i n s t  the edges
of tne c a v i t i e s ,  i t  i s  to be expected t n a t  tne r a t e  of 
g r inding  s i l l  depend upon tne speed of soveaent  of tne 
tool  c e l a t i v e l y  to tne work, and a l so  upon tne p r essure  
exer ted  by tne g r a i n s .  Tni3 i s  confirmed, so f a r  a3 tne 
e f f e c t  of r e l a t i v e  sDeed i s  concerned,  by tne r e s a l t s  of 
ca r bo r undum abras ive  t e s t s  #nicn i n d i c a t e  t h a t  tne ve ignt  of 
g la ss  removed i3 d i r e c t l y  p rocor t io na l  to tne r e l a t i v e  
speed,1 tne o tne r  c ond i t io ns  being maintained c o n s t a n t ,  to 
e l im in a te  tne e f f e c t  of loss  of cu t  f re sn  ab ras ive  mast 
be aop l ied  a t  i n t e r v a l s  of about one minute, and p r e ­
cau t ions  must be taken to ensure constancy of tne general  
con d i t io ns  tnrougnout  the t e s t 3 .
Prom 3n examination of tne previous  P i g . 11, i t  n i l  1 be 
seen t n a t  the l a r g e r  tne g ra in  tne deeper ,  in genera l ,  v i l l  
be tbs  point  of impact and tne l a r g e r  tne s p l i n t e r s  removed, 
fhe r a t e  of g r inding  i s  t h e r e f o r e  dependent a l so  upon tne 
s i z e  of tne g r a in .  I'nus oy reducing the coacaeness  of tne 
abras ive  a t  each s tage of tne g r in i  ing oper a t ion ,  a su r fa ce
1 More Hates on Glass Gr in l ing  an! P o l l s n in g .  J . l .  Frenon. 
Trans.  Opt.  Socy. Vol. XVIII, Jan .  1*17.
of any des i red  degree of f in en e ss  may be obtained,  and 
indeed tne sur face  may be nignly pol ished by means of tne 
same mate r ia l  as i s  ussd for  tne  rough g r ind ing,  provided 
a s u f f i c i e n t l y  f i n e  grain  of a s u i t a b l e  c h a r a c t e r  i s
o b ta in a b l e .  P r ior  to the t i a e  of Aotneaulme1 i t  warn the
2
p r a c t i c e  of tne e a r l i e r  o p t i c i a n s  to make the p o l i s o i ng  
process merely a co n t in u a t io n  of tne gr inding stafie,  th9 
sand f i r s t  U3ea being ground down s u f f i c i e n t l y  in the 
opera t ion  to serve a3 a po l i s n i ng  medium in the l a t e r  
s t a g e s .
Highly pol ished o p t i c a l  su r fa c e s  have a l so  been pro­
duced by the use of very f i n e  grades of carborundum. As 
much more s u i t a b l e  po l i s n i ng  media than f i n e  carborundum 
are a v a i l a b l e ,  th i3  experiment i s  mainly of i n t e r e s t  as 
emphasising t h a t  the re  i s  no s t r i c t  l i n e  of demarcat ion
1 H i s t o i r e  des Mathematiques.  Montucla, V o l . I l l ,  Pa r t  V
Livre I I ,  p. 49a.
2 nena t i  Descar tes ,  Opera Ph i losoph ies ,  D io p t r i c i s , C a p  X
1656.
Johannes Zann, Oculus A r t i f i c i a l i s  l e l e d i o p t r i c u s ,  170
86.
between abras ion ana p o l i s h i n g .  Tbs reaoval  of mate r ia l  
ana the o roauct ion  of the amorphous pol ished l ayer  occur 
axmaltaneously al though to d i f f e r e n t  e x t e n t s ,  lhus  in 
the c o a r s e s t  gr inding th e r e  i s  reaoval  of ma te r ia l  ana 
only very s l i g h t  sur face  flow along tne r idge3 bet seen 
the c o n c a v i t i e s  of the s u r fa ce ,  s ince the c leavage  f lov 
over the depressed su r fa ce s  of the concboiaal  f r a c t u r e s  
do not  c o n t r i b u t e  except  m  the l a s t  s t age ,  to the  f i n a l  
s u r f a c e . 1 As the abras ive  becomes f i n e r  the s p l i n t e r s  
decrease in s i z e  and the mate r ia l  reaov8d d i mi n i sh 9 3 , 
wnile the amount of su r fa ce  flow over the network of 
r i dges  in c r e a s e s .
If  in the gr ind ing  p rocess  the f l a t  g r inding tool  
i s  so hard t h a t  i t  r i d e s  over the g ra ins ,  the i a p a c t s  
would be sore n o n a l  to the  su r face  and und e s i r a b le  cone 
f r a c t u r i n g  would occur .
fne f i n e r  the ab ra s iv e  the harder  may be the p o l i s n i n g  
t o o l .  Lead, zinc,  copper,  a l u a i n i u i ,  b rass  and c a s t  i ron
1 Soie Notes on Glass Grinding and P o l i s n i n g .  J .N .  French, 
Trans.  Opt. Socy. Vol.XVII, No.S, Nov. 1916.
nave a l l  oeen used for  va r ious  kinds of work and var ious  
a b r a s iv ss ,  but f in e  grained c a s t  i ron  ana b rass ,  f r e e  
f roa  sur face  d e f e c t s  are  nos t  ge n e ra l l y ,  and indeed 
a l ao 9 t  u n i v e r s a l l y ,  enployed.  S t s e l  i s  too nard fo r  eve* 
tbe  f i n e s t  grades of abras ive* After  tbe s u r fa ce  bas 
oeen ground to tbe necessary degree of f i n en e s s ,  po l i s n in g  
say C8 connenced, tbe purpose of tbe process  being to 
pronote tne g r e a t e s t  o o s s i b l e  aaount  of s u r f a c e  flow 
wbile avoiding tbe concnoidal  s p l i n t e r i n g  c h a r a c t e r i s t i c  
of tbe gr inding p rocess .
A very s n a i l  anount of n a t e r i a l  i s  renoved dur ing  
tbe Dol isning ac t ion ,  but  tbe na tu re  of tbe abra3ion,  if  
i t  can be so t a m e d ,  i s  c h a r a c t e r i s t i c a l l y  d i f f e r e n t  f ron 
t b a t  during tbe g r in d in g .  Minute grooves a r e  ploughed 
tnrougn tbe anorphous s u r fa ce  l ayer  and s n a i l  p o r t i o n s  of 
tbe anorpnous substance becone disengaged by tbe a c t i o n  
of tbe Dol isner  and a r s  renoved.  fbess  f r a g i e n t s  nay be 
recovered by d i s so lv in g  away tbe rouge and res in ou s  
sub s tances .  Tne res idue  nas a s p a r k l i n g  snow- l ike  appear ­
ance c o n s i s t i n g  of e x t r e n e ly  n i nu te  unreso lvab le  p a r t i c l e s
caaentea  loose ly  toge the r  poss ib ly  b,  s o r fa oe  fu s io n  along 
t b e i r  edges.
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A c l e a r  d i s t i n c t i o n  ous t  oe drawn Detween a pol i sned 
sur face  and one t n a t  i s  a t  tne  same time o o t i c a l l y  r e g u l a r ,  
fn i a  wil l  oe aore e a s i l y  understood Dy cons ide r ing  tne 
ac t ion of a c l o t n  p o l i s n e r  as  compared witn t n a t  of a 
p i t c n  p o l i s n e r .
Suppose in P i g . 12, A i s  tne f i n e  
ground sur face  g r e a t ly  magnified con- 
posed of f l a t  elementary areas  witn 
numerous concnoidal  de o re s s i o n s .  A 
sur face  of t n i s  kind i s  sa id  to De grey,  tne  appearance 
peing due to tfe* i r r e g u l a r  r e f l e c t i o n  or s c a t t e r i n g  of tne 
l i g n t .  B i s  a layer  of s o f t  c l o t n  or f e l t  cemented to tne 
re gu la r  su r face  of tne metal runner  C, union say De of 
aluminium, o rass  or i r o n .  Over tne f l a t  a r ea s  of A tne 
drag,  and consequent ly tne reduc t ion  of tne  general  l evel  
wi l l  De g r e a t e s t .  Over tne s u r fa ce s  of tne  depressed a reas  
in to  wnicn tne f e l t  D a r t i a l l y  s ink3 tn e r e  wi l l  De a c e r t a i n  
aaount of drag and podisning ac t i o n ,  coafcined witn tne 
removal of mate r ia l  not  only f ro* tne f l a t  p o r t i o n s  but to 
some ex t en t  from tne de pr es s io ns  a l s o ,  tn e re  wi l l  De a 
general  rounding off of tne  i r r e g u l a r i t i e s ,  out  as  i e  
confirmed oy p r a c t i c e ,  tne i r r e g u l a r i t i e s  cannot  De e l im in a t ed
V e t a l  n u n n e r  
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by tbe use of a s o f t  p o l i s h e r ,  al though a small amount 
of o r ig in a l  greyneas i s  rendered l e as  conspicuous to 
ordinary v i s i on ,  and a f a l s e  appearance of complete un i -  
f o r a i t y  and po l i sh  aay be produced aore quickly  by aeans 
of a s o f t  p o l i s h e r .  Suppose a harder  tyoe of p o l i s o s r  
such as a p i t c h  p o l i s h e r  i s  used,  Inen using the same 
po l i s h in g  aedium 3uch as rouge, the aaount  of drag and 
po l i sh ing  ac t ion  over the f l a t  p o r t i o n s  m i l  be g r e a t e r  
than when using c l o t h ,  but  the p i t c h  t r i l l  not  s ink  i n t o  
the depress ions  to the same ex te n t  and the rounding and 
p a r t i c u l a r l y  the oeaoval of a a t e r i a l  f r o a  the  depressed 
p or t ions  s i l l  be l e s s .
*hen using a hard p o l i s n e r  a u n i fo ra  po l i shed sur fa ce  f r e e  
f roa  a l l  greyness i s  Detained by the  removal of tne su r fa ce  
mate r ia l  s t age  op s t age  u n t i l  the su r fa ce  i s  reduced below 
the l evel  of the deepes t  concooidal  depress ion^.^
Under the ac t ion  of the p o l i s h e r  the d i s t u rb a n c e  of 
the su r fa ce  molecules i s  sucn t h a t  they are  ab le  to  r ea r r an ge  
themselves or flow with the consequent  format ion of a 
pol ished amorphous l a y e r .  Minute ag g reg a t io ns  of the rouge
or o the r  medium plougn away the su r face  l a y er ,  and i t  i s
( 1 )  P o l i s f c m e  of G l a s s  S u r f a c e s .  L o r i  B a y l e i ^ h ,  P r o c .
Op t .  Co n v e n t i o n ,  V o l . I ,  UOh,  p . 71 .
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po ss ib le  t n a t  there  aay oe a l so  so le  s t ag ing  ac t i o n ,
• a t e r i a l  being reaoved f r o i  the higher  p o r t i o n s  and te lded  
upon the ad jacen t  depressed a r e a s ,  as the aaorphoas 
s a t e r i a l  i s  reaoved in t h i s  say the under lying a o l ec u l es  
are  ac ted noon by the o o l i s n e r  and the process  i s  r epea ted 
l ayer  oy l a y e r ,  as in d ic a t e d  in  F i g . l £ .
I f  roage i s  employed in the l a s t  s t age  i t  i s  gen era l ly  
poss ib le  by specia l  i l l u s i n a t i o n  of the su r fa ce  to d e t e c t  
an ooen network of these  f i n e  grooves,  ba t  i f  no sed iaa  
o the r  than a very f i n e  f i l s  of water i s  need f o r  the f i n a l  
po l i s h i ng  operat ion ,  the Dresence of grooves w i l l  hardly 
oe obse rvab le .  Ihen a su r fa ce  of t h i s  kind i s  etched with 
hy drof luo r i c  acid a network of grooves wi l l  r e a p p e a r 1 and 
i t  has been assuaed t h a t  j u s t  as in the case  of a e t a l s  the 
o r i g i n a l  grooves have been br idged over by the aaorpnous 
l ayer  and are uncovered when the su r fa ce  l ayer  i s  d i s so lved  
away. Kuaerous e x p e r i i e n t s ,  however, seen to i n d i c a t e
1 I n t e r f e r e n c e  bands and t h e i r  a p p l i c a t i o n s .  Lord Raylsigh,  
Royal I n s t .  March £4, 189c.
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th a t  the cohesion of th9 amorphous s i l i c a t e s  i s  too small 
to permit  of the or idging of the f i n e s t  sur face  cracks  
t h a t  can oe p roduced .1 That the grooves produced during 
the rouge po l i sh ing  s tage  oecome f i l l e d  up d u r in g  the 
f i n a l  mater po l i sh ing  s t a f e  may he accepted without  qu es t io n .  
Thus i t  i s  procadle t h a t  the groove A in  the su r fa ce  layer  
becomes f i l l e d  up poss i b ly  in s t a g es  a t  each s t r o k e  in the 
manner in d ic a t ed  in P i g . 14. On the assumption t b a t  the 
expend i ture  of energy upon a substance tends m  general  
to  reduce i t s  chemical s t a b i l i t y ,  i t  i s  to  oe expected t h a t  
the mater ia l  f i l l i n g  the grooves mould oe r a p id ly  acted 
upon and t h a t  the grooves produced by e tch ing  are  r e a l l y  
reproduc t ions  of the o r i g i n a l  grooves,  the course of the 
o r i g i n a l  grooves mill in any case  oe ind ica ted  by a very 
f i n e  groove P. Ih ich  mould oe extended by the ac id  to  fora  
a deeper groove occupying the place  of the o r i g i n a l  one.
The var ious  s t a g s s  in the g r ind ing and p o l i s h in g
1 Some Motes on Glass Grinding and P o l i sh in g .  J . l .  French, 
f r a n s .  Opt. Soy. Vol. XVII, Mo.*, Mov. 1910.
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of a g l as s  sur face  say De su sa ar i s e d  B r ie f l y  sb f o l l o s s : -  
1* the reaoval  of s a t e r i a l  by tbe breaking away 
of s p l i n t e r s ,  tne s i z e  of which i s  reduced in 
s t ages  oy tne use of f i n e r  grades of abras ive*
£• Tne product ion of an aioronoos or s a r f a c e  flow 
layer  and tne gradual  resoval  of tnese  l a y er s  by 
grooving as d i s t i n c t  f ro a  tne s p l i n t e r i n g  of tne 
f i r s t  s tage ,  tne resoval  or s a t e r i a l  being e f f e c t e d  
by neans of a very f in e  abra s i ve  or p o l i s n in g  
s a t e r i a l  sacn as s i n o t e  aggregates  of p a r t i c l e s  
of rouge.
S. Tne e l n i n a t i o n  of tne grooved produced in  i t a g e  2 
by tne  use of a cont inuous i9 d iu s  sacn as a f i l s  
of water in place  of tne d i scont inuous  aediua sacn 
as rouge, tne re  being da r ing  t n i s  s t a g e  t a e  aaxiaua 
product ion of s a r f a c e  flow and p r a c t i c a l l y  no reaoval  
of tne sur face  l a y e r  s a t e r i a l  and no s p l i n t e r i n g  
ac t ion  wnatever.
An abr as ive  to be e f f e c t i v e  s u s t  possess  se ver a l  se l l  
def ined c h a r a c t e r i s t i c s .  Tne g r a in s  sa icn  s u s t  oe oard 
should have an I r r e g u l a r  f o r a  p res en t in g  aany s t rong  edges 
or  rounded po in t s  t n a t  s i l l  t r a n s s i t  the i s p a c t  f o rc e s  to
43.
tbe g la ss  to ce acraded.  *hen the g ra ins  break dosn tbe 
f ra g a e n t s  should be of tbe o r i g i n a l  foe® in order  t b a t  
tbe ac t ion  on a f i n e r  s c a i e  say be con t inued .  In abras ive  
t n a t  breaks dosn in to  l a a e l l a r  fragments i s  sa id  to  lose 
i t s  c u t .  Diaaond, f r a g a e n t s  of sbicb are  i l l u s t r a t e d  in 
F i g . l t ,  i s  tbe s o s t  e f f e c t i v e  of ab r as iv es ,  but  osing to 
i t s  co s t  i t  can only be used for  spe c ia l  o p e r a t io n s  sucb 
as tbe s l i t t i n g  of g las s  sbere tbe q u a n t i t i e s  are  s s a l l .
Carborundui (8iC) i s  a coapouna of Qaroon and S i l i c a ,  
r e s u l t i n g  f ro s  tne fus ion of carbonaceous c a t e n a l s  sucb 
as coke or charcoal  s i t h  sand in tbe e l e c t r i c  fu rnace  a t  
a t e a p e r a t u r e  of about Z0QQ°Q. I t s  hardness on Mobs sc a l e  
i s  about », diaaona being 10. Fros F i g . 16 i t  s i l l  ce seen 
t h a t  the g ra ins  are  of the  de s i re o  shape sh ich  i s  r e t a ined  
as they creak dosn.
Other l a p o r t a n t  abra s i ves  a r e  obta ined by the c o a b m -  
a t ion  of a l ua ina  and s i l i c a  in the e l e c t r i c  fu rnace ,  such 
fo r  exaaple ,  as Corunaur, l l a n d u t  and A lo x i t e .  fbsy are  
*os t  coaaonly eaployed m  tbe fo ra  of gr ind ing  s h e e l s .  l a  
loose  aoras ivea  they a re  not  so e f f e c t i v e  ae CarDorandaa.
Iti A
(fi
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Saery i s  a na tura l  fo ra  of a r t i f i c i a l  Corundua, being 
a s i l i c a t e  of a l a i i n a  co n t a in i n g ,  bosever,  oxides of i ron 
and otner  i a p u r i t i e s  i r r e g u l a r l y  d i s t r i b u t e d .  I t  breaks 
doto so re  r e a d i l y  tnan Caroorundua and lo s e s  i t s  c u t .  fne 
lo ss  of cu t  i s  only t e apo ra r y ,  noae ter ,  as a f t e r  sasfciag, 
tne a a t e r i a l  can be used as a f i n e r  grade of e a e r y .
Sand i s  f re quen t ly  used fo r  rougn abras ion sore  
p a r t i c u l a r l y  in e s t a b l i s n a e n t s  m e r e  no f a c i l i t i e s  e x i s t  
for  tne t a s t i n g  and recovery of tbe t o r e  expensive types 
of a b r a s i v e .  I t s  g r a i n s  a re  f r e q u e n t l y  rounded and s a t e r -  
aorn as in d i c a t ed  in P i g . 17 and i t  r e a d i l y  breaks  doso 
and lo se s  i t s  c u t .
Separat ion  of an ab ra s iv e  i n t o  tbe  va r ious  grades  of 
f i n e n e s s  i s  genera l ly  done by a process  of s e t t l i n g  and 
l e v i g a t i o n .  Thus tn r ee  s m u t s  eaery i s  t&e a a t e r i a l  
obta ined f ro a  tbe l i q u i d  t h a t  i s  decanted a f t e r  a s e t t l i n g
per iod of tb r ee  a i n u t e s .  Por Oarborundua i t  i s  necessary
to use s i eves  of va r iou s  f i n e n e s s e s  in con junc t io n  v i t a  
s e t t l i n g  ekcept  in tbe f i n e s t  s t a g e s  f o r  sbicb s u f f i c i e n t l y  
f i n e  s i e v es  are  unprocurab le .*
1 fne Grading of Caroorundua fo r  Dpt ical  Purposes.
J*4.  Prencb, f r a n s .  Opt .  Socy. Oct .  1917.
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k coapar ison of tbe abras ive  powers of Caroorundua, 
i t e r y  ana Sand of aoprox iaa te ly  equal s i s e  of g ra in  l a  
o o t a m a o l e  f roa  t i g . 13, wbicb a l so  sbowa boa In tbe caae 
of eacb aor as ive  tbe r a te  of aoraa loo l a  d i r e c t l y  pro­
por t i o n a l  to tbe p res sur e  wben f re ab  abras ive  i s  suppl ied  
co n t inu ous ly .
I f  tbe abras ive  i s  not  f re q u en t l y  renewed, tbe r a t e  
of g r ind ing  would not  inc rease  r e g u l a r l y  witb tbe load 
owing to tbe l o s s  of out  and a c e r t a i n  c logging ac t io n ,  
e s p e c i a l l y  a t  tbe  bigber  o r e s s u r e s .  f b i s  i s  i l l u s t r a t e d  
in Fig .  19, f roa  wbicn i t  wi l l  be seen t b a t  wben using 
i o . S  Carborundus saving a g ra in  d i s a s t e r  of O . l  a a .  tbe 
r a t e  of abras ion  i s  d i r e c t l y  p ropo r t i ona l  to  tbe load wben 
f r e s b  a a t e r i a l  i s  app l ied  every na i f  a i n u te ,  wbereas tbere  
i s  a c t u a l l y  a reduct ion  of tbe  r a t e  a t  bigb loads woen tbe 
i n t e r v a l s  between tbe a p p l i c a t i o n s  a re  of f i v e  a i a u t e s  
d u r a t i o n .
tbe  s e r i e s  of curves  in Fig .20  sbow bow tbe r a t e  of 
abras ion  v a r i e s  witb tbe s i s e  of tbe  g ra in s  and tbe  load 
on tbe t o o l .  Fresb abras ive  was appl ied  every ba l f  a i n u te  
and i t  wil l  be seen t b a t  fo r  tbe c o a r s e s t  Mo.l Carborundus
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Having a g ra in  diameter  of approximately 0 . 2  tbe 
abras ion i s  d i r e c t l y  p r oo or t i on a l  to tbe load.  In tbe 
case of tbe Caroorandaa grades S, 4 and 5 tbe carve bends 
a t  tbe  bigber  loads sugges t ing  tbe need fo r  so re  f requen t  
r enesal  of tbe abras ive ,  doe poss io ly  to  c logging  a r i s i n g  
f ro a  an a d e i x t a r e  of g l a s s  poeder in these  i o t e r e e d l a t e  
g rades .
A s i s i l a r  s e r i e s  of aor as lve  corves f o r  8 a i n a t e ,
15 a i n u t e  and 40 a i n a t e  eaery i s  i l l a s t r a t e d  in  F ig .&l .
Eetseen tbe  8 and 15 a i n a t e  ca rves  tb e re  i s  a cons i de rab le  
i n t e r v a l  sbicb corresponds however, v i t b  tbe  g ra in  dimensions,  
anicb are 0 . IS a s .  and 0 .01 aa .  r e s p e c t i v e l y .
Froa tne va r ioas  diagrams i t  wi l l  be ev i den t  t b a t  tbe 
r a t e  of abras ion of a p a r t i c u l a r  type of g l a s s  depends
apon:
Tbe na tu re  of tbe a b r a s i v e .
I t s  grade of f i n e n e s s .
Tbe load apon tbe t o o l .
Tbe r e l a t i v e  speed and to  eose e x t e n t  tbe 
frequency of renewal .
Tbe a a t e r i a l  of tbe tool  i t s e l f  wbicb.cas some bear ing  on 
tbe r a t e  of abras ion i s  p r a c t i c a l l y  d e t e r i i n e d  by tbe type
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of a b ra s iv e .  tbe m a te r ia l s  of widest a p p l ic a t io n  being 
f in e  grained c a s t  iron and Draas.
Bates of abras ion  a f fo rd  a general oa t  not d e f i n i t e  
idea of tbe q u a l i ty  of a ground su r fa ce ,  because tbe  saae 
weight of a a t e r i a l  say De reaoved oy tbe p rodac t ion  of 
la rg e  shallow s p l i n t e r s  or by s a a l l e r  and correspondingly  
deeper ones.  In tbe  g r ind ing  process  i t  i s  sought to 
produce a su r face  of u n i fo ra  t e x tu re  f r e e  f ro a  i s o l a t e d  
deep p i t s  which of ten  d e t e r a in e  tbe th ickness  t b a t  aus t  
be f i n a l l y  reaoved. A record  of tbe  t e x tu re  any oe 
ob ta ined  by observing tbe  r e f l e c t i n g  po ter  of tbe  grouad 
s u r f a c e . 1 I f  tbe su r face  i s  viewed so ob l ique ly  t b a t  tbe 
i r r e g u l a r i t i e s  are  fo re sho r tened  to  soon an e x te n t  t b a t  
even tne l a r g e s t  red rays  are  r e f l e c t e d ,  a p e r f e c t  a a i t e  
i sa g e  of say, an incandescen t  f i l a a e n t  Bay be seen r e f l e c t e d  
f roa  tbe  s u r f a c e ,  the  iaage  aay be as c l e a r  and d i s t i n c t  
as i f  viewed by aeans of a oo l isbed  s i l v e r  a i r r o r .  As tbe
1 More Notes on Glass Grinding and P o l ia a in g .  J . l .  French, 
f r a n s  Opt. Socy. Vol.XVIII, l d l M J a n )
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r e f l e c t i n g  p la t e  i a  r o t a t e d  so as to  decrease  tbe angle 
of inc idence ,  th e re  t i l l  be observed an apparen t ly  abrupt 
change fro® b r ig h t  white to  do l l  grey, followed a t  a 
s a a l l e r  in c id e n t  angle by a change to red ,  which l a t e r  
suddenly d i sa p p e a rs ,  th e se  th re e  changes take place  
s o f f i c i e n t l y  r ap id ly  to  provide  a genera l  record  of the 
s u r f a c e .  Thus in the case  of a p iece  of hard crown g la s s ,  
ground with th ree  l i n o t e  e i e r y ,  the r e s p e c t iv e  angles  of 
inc idence  , which can oe repea ted  to  within h a l f  a degree,  
were 60°, 78°, and 75°. For s l n i l a r  g l a s s  ground with an 
ab ras iv e  wneel, the corresponding f i g u r e s  were 66°, 61°, 
and 46°, thus in d ic a t in g  a such f i n e r  t e x t u r e .  In F ig .22  
which giV68 a coaparison  of the su r fa ce s  produced by a 
s e r i e s  of carborundus a b ra s iv e s ,  ao sc is sae  r e p r e s e n t  the 
s i s e  of the  r e s p e c t iv e  g r a in s  and o rd in a te s  the cosecan ts  
of the angle between the  s u r fa ce  and the l i n e  of s i g h t ,  
t h i s  i s  e q u iv a le n t  to the  p r o je c t io n  of the t e x tu re  in a 
plane nornal to tbs  l i n e  of s ig h t ,  thus enab l ing  tbe 
i r r e g u l a r i t i e s  to  be conpared d i r e c t l y  with the  leng ths  
of the  waves r e g u la r ly  r e f l e c t e d .  As i t  t o  be expected 
f ro a  the  prev ious  ao ras ion  d i a g r a i s  the curves  a re  s t r a i g h t  
l i n e s ,  the  p ro jec ted  d ia en s io n s  of the  t e x tu r e  oeing 
d i r e c t l y  p ropo r t iona l  to  the s i s e  of the g ra in  when the 
° t h e r  c o n d i t io n s  such as load and speed a re  a a in ta in e d
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co n s tan t  th roughout .
F ig .  28 soo ts  toe corresponding rese l l t s  obta ined  
toen using toe  th ree  grades of eaery coaaonly eaployed, 
aaae ly  S a i n a t e ,  15 a i n a t e  and 40 a i n a t e  ea e ry .  I f  toe 
co n d i t io n s  can oe c o n t ro l l e d  t i t h  s u f f i c i e n t  accuracy 
s i a i l a r  s t r a i g h t  l i n e  ca rves  say be obtained fo r  a o s t  
ab ra s iv es ,  c a t  m  toe  case  of saco ab ra s iv es  aa potdered 
g la s s  th ico  break down r e a d i ly  and lose  t o e i r  c a t ,  the 
co n d i t io n s  cannot be e a s i l y  c o n t ro l l e d  and the  ca rves  
g en e ra l ly  f a l l  a tay  t o t a r d s  the co a rse r  g rades .
Saoothing o p e ra t io n s  m  toe case  of a s in g l e  piece 
nay oe regarded as a co n t in u a t io n  of toe rougher gr ind ing  
p rocesses ,  t h e i r  purpose being to  redace as each as 
p o s s ib le  toe aaoant of a a t e r i a l  t h a t  has to  be reaoved in 
the  p o l i s h in g  p rocess ,  o a t  when a noaber of p ieces  a f t e r  
being fo raed  a re  aoanled in  one block so t h a t  they aay 
be po l ished  to g e th e r ,  the saooth ing p rocess  p rep a ra to ry  
to p o l i sh in g  i s  necessary  in o rd e r  to  redace any i r r e g a ~  
l a r i t y  of toe sa r f a c e  l e v e l s  doe to a l i g h t  e r r o r s  in the 
lay ing  doan of toe p i e t e s .
50.
Rbetber tbe surface  des i red  i s  plane or  curved tbe 
f i n a l  fo ra  of tae  p iece  e a s t  be produced befo re  tbe 
p o l i s h in g  opera t ion  i s  coaaenced. Any i a p o r t a n t  a l t e r a t i o n  
of tbe fo ra  i s  i a p r a c t i c a b l e  during tbe  p o l i s h in g  process  
tne  fu n c t io n s  of sbicb a re  tne  f o r a a t i o a  of tbe  b r i l l i a n t  
aaorpboua l i g h t  r e f l e c t i n g  su r face  la y e r ,  and tbe pro­
duct ion  of a t ru e  f ig u re ,  t b a t  i s ,  tbe c o r r e c t io n  of 
a in u te  e r r o r s  of fo ra  not exceeding one or tso  «a?e leng ths  
over the sha le  s u r f a c e .  Greater  e r r o r s  of fo ra  a u s t  be 
co r r e c te d  Dy a r e p e t i t i o n  of tbe saooth ing  or f i n e  
g r ind ing  o p e ra t io n .
A l io s t  any substance  in  a f i n e  enouga s t a t e  of d i f i a i o n  
and provided i t s  g ra in s  a re  not l a a e l l a r  in  f o ra  or 
so lu b le  in  tbe l i q u i d  eaployed or l i a b l e  to  aeld  upon tbe 
s u r fa ce  of tbe  g laaa ,  say be used as a p o l i a a i a g  a e d iu a .
Thus g la s s  can be po l ished  r e a d i ly  s i t b  f i n e  cha rcoa l  but 
hard ly  a t  a l l  s i t b  g r a p h i t e .
But in  p r a c t i c e  tne  cho ice  nay be H a l t e d  to  a very 
fe s  subs tances  the p r in c ip a l  of sbicb i s  rouge, t h a t  i a  
oxide of i ron  (FegOg). Many substances  a re  s lo e  in  t n e i r  
p o l i s h in g  a c t io n .  Pu t ty  poeder,  t a a t  i s  t i n  oxide UnOg),
61.
snicn a t  one t l a e  was ex ten s iv e ly  used, i s  non excluded 
fo r  reasons  of n e a l tn .
Manganese dioxide (MnOg), al tnougn an e x c e l l e n t  
se d ia s  i s  very D lac  It and i s  d i f f i c u l t  to  reaove f ro a  tne 
nands and e lo tn in g ;  f ro a  tne  p o in t  of t i e s  of general  
c l e a n l i n e s s  i t s  use i s  o f ten  avoided.  Otner aed ia  again 
cannot be obtained in a c o n s i s t e n t l y  u n i fo ra  c o n d i t io n ,  
and al tnougn tne v a r i e ty  of auos tances  i s  g rea t ,  tn e re  are 
r e a l l y  fe« t n a t  nave a l l  tne advantages of rouge s s icn  i s  
so e x te n s iv e ly  used, excep t  f o r  tne  very ca ea p e s t  Minds 
of o p t ic a l  so rk .  Coaparisons of tbe  p o l len in g  aed ia  can 
only oe aade i f  tne  c o n d i t io n s  a re  c a r e f u l l y  s ta n d a rd ise d ,  
and p a r t i c u l a r l y  i f  tbe t e x tu r e  of tne o r ig in a l  saootned 
su r fa c e  i s  tne sane in a l l  o a s e s ,  fae r a t e  of p o l i s a in g .  
so f a r  as p o l i s a in g  i s  d e te ra in e d  by tbe  reaoval of a a t e r i a l  
u n t i l  tne c o t to n s  of tne deepes t  d ep ress ions  a re  reached, 
deoend8 upon:-
tne o r ig in a l  s t a t e  of tne  saootned s u r f a c e ,  
fae  c h a ra c t e r  of tbe  p o l i s a in g  too l  su r fa c e ,  sa lon  aay 
be, fo r  exaap le ,  of c l o t a ,  p l i c a  , sax or pape r ,  
fae  p o l i s a in g  a e d iu a .
Tne l u b r i c a n t .
Tne load .
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the r e l a t i v e  speed of tne  tool  and tne se r f a c e
operated  upon.
Tne ty p ic a l  c n a r t ,  P i g . £4, snoss not tne t i i e  of 
p o l le n in g  and tne  r a t e  of removal of g la ss  a re  a f f e c te d  
by tne  load on tne t o o l .  In t n i s  p a r t i c u l a r  in s tan ce  
tne r a t e  of removal of a a t e r i a l  va r ie d  d i r e c t l y  u i t n  tbe 
p re s su re ,  tne tool being covered s i t b  a s ix t u r e  of 951 
of beesnax and r e s io  and b% p i t c n .
I t  i s  not p o ss ib le  to  sake any d e f i n i t e  comparison 
of tne  numerous substances  t b a t  say be used as p o l i s m s g  
aed ia  because tbe r e s u l t s  a re  g r e a t ly  in f luenced  by tne 
c o n d i t io n s .  Substances t b a t  a re  only a o d e ra te ly  good 
sben a p i tc n  o o l i s n e r  i s  used say be sues sore  e f f e c t i v e  
sben tbe  p o l i s n e r  i s  of a d i f f e r e n t  type, sucn as c l o t n .
To obta in  c o n s i s t e n t  r e s u l t s  i t  i s  a l so  very necessary 
to  co n t ro l  tne c o n d i t io n s ,  tne s o s t  i s p o r t a n t  being tne 
o r ig in a l  s t a t e  of tne saootned su r face  to oe operated  upon.
Table 1 snoss tne t i s e s  of p o l le n in g  snen using a 
v a r i e ty  of ty p ic a l  p o l i s h in g  s a t e r i a l s  under tbe  p a r t i c u l a r
c o n d i t io n s  s p e c i f i e d .  In a l l  cases  toe o r ig in a l  su r face  
was saootned u i tn  f in e  caroorundua dating an a te rage  
g ra in  d i s a s t e r  of aoout */£oO «» . ,  tde r e f l e c t i o n  t a l a e s  
of tde su r face  Deing 10° grey. red. and S#° lo ss  of
r e d .  Pi ted p o l i s d e r s  se re  used td rougoout,
f a c i e  I .
Nacdine type -  h ec ip ro ca t in g  a r a .
P e t s ,  of sp ind le  -  76 r , p , a ,
Sneed of ara -  190 s t r o k e s  per a in u te ,
Lengtd of s t roke  •  l.fcS".
D ia i .  of torked su r face  -  S".
Diaaet8r  of p o l i s d e r  -  S".
Load on p o l i s d e r  -  i  IP ,  per sq ,  incd .
Mediua 
P r e c ip i t a t e d  rouge 
Coaaerc ia l  rouge 
G la8 s i te  ( MoO^)
Very f i n e  caroorundua 
Putty  Posder (3nOr )c
P r e c i p i t a t e d  S i l i c a  (S i0 2 )
P r e c ip i t a t e d  Coroaiua 
Glide (CdgOg)
P o l isa in g  t i a e
3 dours
4 "
4.1 "
0 *
11 "
U
14 M
Qua! i ty  
Good polled
Pair
Surface cu t  and 
not good
Surface not good
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P r e c ip i t a t e d  Aluaina
Median Polish ing  t i n e  Quality
14 hours Surface not good
U ljQ g )  
P r e c ip i t a t e d  Ferrous 16 " Very s l i g h t l y  
grey
" s l ight ly  grey
Caroonate 
P r e c ip i t a t e d  hydrous UnO^
Putty  Powder and tne var ious  p r e c i p i t a t e d  aed ia  are b e t t e r  
su i t e d  to c lo th  p o l i s h e r s  than to p i tch  p o l i s h e r s .  Put the 
s u p e r i o r i t y  of the f i r s t  th ree  aed ia  i s  s t i l l  narked when 
used on c l o t h .
Very aany suDstances have Deen used as a covering  layer  
for  the  p o l i sh in g  tool to hold the po l i sh in g  aed iun .
Huygnens1 Doli3h9d his glasses upon the aetal tool 
i t s e l f ,  using a specially prepared aixture of Tripoli as 
a aediua, which was reduced to a firaer and finer state  
oy wiping away the aarginal portions froa tiae to t iae.
1 C. Hugenii, Opera f ieliqua, V o l .3*, p, £16, and 
S n i t n ' s  O p t ic s .
65.
1
To Sir Isaal Newton is  attributable at least tbe 
suggestion tbat a pitcn layer tignt be used for t ne  
folisLib? operation. In bis Qpticks he states that:-  
"An object glass of a fourteen foot telescope naoe by one 
of our Lonoon art i f icers  I once Bienaea consiQ6rably by 
grinaing i t  on p i t c h  wi t h  putty ana leaning very easily  
on fet in tne grinaing, l e s t  the putty snculd scratch i t .  
Whether this way nay not ao well enough for polishing 
these reflecting glasses I have not yet t n e a . H
r
It i s  quite clear from a nrevioas caragraph^ that 
Newton actually usea pitch for both the grinaing and tbe 
polisbing of metal reflectors for m the sane work he 
sta te s : -  H Iben I put fresh putty upon tbe pitch and ground 
i t  again t i l l  i t  bad done taking a noise, and afterwards 
ground tbe object aetal upon i t  as before, and this work 
I repeated until the aetal was polished, grinding i t  tbe 
last  t i t e  with al l  ty strength together for a good while,
1 Newton, Opticks p. 76 
< Newton, Opticks p. 77.
and frequently breathing upon tbe pitcn to keep i t  moist 
without laying on any ir,ore frest  putty.” lbe application 
of water alone m tbe final stage i s  of oarticular interest  
as cemg an important detail  of present day practice.
Father Cherubin  ^ lined bis polishing tools witb a 
variety of materials of fine ana uniform texture, Vore 
particularly be refers to tbe use of very fine tbin 
leather, fine Fnglish fustian, fine bollano cr any fine 
linen, s i lk taffety cr sat in.  He describes at great length 
tne process cf lining tbe tools witb paper ana tbe method 
of removing l i t t l e  lumDs or irregulari t ies ,  but tbe previous
r
use of oacer i s  attributable to A&tbeaulee* wbo usea tbe 
grinding tool i t s e l f  wben linea witb paper as tbe polishing 
tool, tbe meaiuir employed being Venetian Tripoli.
At tbe present day pitch, wax compounds and cloth sre 
tbe materials most commonly used. Comparisons of a variety
1 Le Pere Cheruoin, Ls Dioptrique Cculaire, 3671. Part III,  
Cnap. II.
Vontucla, Histoire aes Mathe'matiques, Vol. I l l ,  Part V,
Book II, p. 4d£.
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of materials wben using a particular polishing medial can 
be obtained from laole II mhich shoms tne time requirea 
to polish a piece of cromn glass smoothed in all  cases to 
the sare stanaard. For the purposes of comparison com­
paratively slow speeds ana loaas sere employed* From the 
previous diagrams i t  mill be unaerstooo that the tine of 
polishing mould De reduced Py increasing these factors, and 
the relative positions of the various materials might oe 
sl ight ly  moaifiea cy the use of another polishing medium 
such as putty ponder.
iable II .
Surface layers of polishing tools
Material mcrkea - Glass -  Hard Cromn.
Surface smoothed mith - Fine Carborundum, diam. of grain
aoout 3/S00 mm.
Spindle  speed -  1£4 to 180 r .p .m .
Arm speed - 100
Stroke l .£5"
Polishing meaiuir -  fcouge and mater.
f\
Pollster
90$ pitcn uitn 10$ 
beeswax ana resin
Very nard pitcn
lime of polishing 
Hours
i . e .
(Beeswax and resin 
iwitn 10$ pi tct
^Fitct tOi  uitn ?C$rubber 
IcotDoond
Pitcn 70$ with 30$ rouge 
Soft pitcn
loonite witfc 10$ pitcn
New clotn
11 singea clotn 
Cork
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Si n c e  t h e  t n»e  cf  Newton o v e r  two hundr ed  y e a r s  ago,  
hand r o l i s t m g  * e t h o a s  as  p r a c t i s e d  t o  soire e x t e n t  m  
most  h i g h c l a s s  wor kshops  nave r e g a i n e d  u n a l t e r e d ,  e x c e p t  
p o s s i c l y  i n  so f a r  as  t he  m a t e r i a l s  employed a r e  T.cre 
aniforrr .  m  q u a l i t y .
Son-e n e a  of t he  e s s e n t i a l s  of t he  a c t u a l  f l a t  or 
crisffi  s u r f a c e  c o l i s h i n g  o o e r a t i o n s  may he a t t a i n e d  f rom 
F i s . ? £ .  I t e  p e d e s t a l  ( 1 )  which Tu s t  he r i g i d  nas  a t  i t s  
upper  end a s t a n d a r d  nose  p i e c e  upon which t h e  t o o l s  t a y  he 
s c r e w e d .  Oni e r  t he  work cench  t h e r e  w i l l  he o b s e r v e d  two 
f l a t  t o o l s  ( £ )  ana IT-) cf c l o s e  t r a i n e d  and wel l  a n n e a l e d  
c a s t  i r o n ,  and on t h e  cench a n o t h e r  ( 6 )  l y i n g  f a c e  down­
wards  ana wi t h  a wooden o p e r a t i n g  knot  s c r ewed  i n t o  t h e  
c o s s .  On t he  c e d e s t a l  i s  c o u n t e d  t h e  t o o l  or  r u n n e r  ( 4 )  
a s  i t  i s  c a l l e d ,  which nas  a u n i f o r n  f l a t  s u r f a c e  l a y e r  of 
c i t c h ,  ana on t he  cench  t h e r e  i s  a s i m i l a r  r u n n e r ,  ( 1 1 )  
t h e  c i t c h  s u r f a c e  of which i s  e x c o s e a  t o  v i e w .
i n r e e  Di ane  t o o l s  a r e  n e c e s s a r y  f o r  t ne  p r o a u c t i o n  
cf  an o p t i c a l l y  f l a t  s u r f a c e ;  i f  two a r e  g r o u r a  t o g e t h e r  
t h e  r e s p e c t i v e  s u r f a c e s  w i l l  oecoi re convex  and c o r r e s p o n d ­
i n g l y  c o n c a v e ,  t h e  t e n d e n c y  in p r a c t i c e  b e i n g  f o r  t h e  upper
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t o o l  t o  become c o n c a v e .  I f  one of  t h e s e  t o o l s ,  say t n e  
c onve x  N o . 3 i s  U e n  gr ound  wi t h  No.-? t o o l ,  t h e  l a t t e r  w i l l  
cecome c o r r e s p o n d i n g l y  c o n c a v e ,  mors or  l e s s  l i k e  No£.
I f  t he n  t h e  two c o n c a v e  t o o l s  Nos .E and ■? a r e  g r ouna  
t o g e t h e r ,  t h e i r  c o n c a v i t i e s  w i l l  c o t h  ce r e d u c e d .  t y  
g r i n a i n g  N o . l  on No . 2,  t h e n  one on t h r e e ,  ana two on t h r e e  
m  t h i s  way, ana r e h e a t i n g  t n e  s e q u e n c e  ot  o p e r a t i o n s  a s  
l ong  a s  may ce n e c e s s a r y ,  a l l  t n r e e  t o o l s  become o p t i c a l l y  
f l a t  ana fray be k e c t  i n  t m s  c o n d i t i o n  by an o c c a s i o n a l  
r e p e t i t i o n  of t n e  c r o c e s s .
Sir Josepn Wi t n w o r t h *s name i s  g e n e r a l l y  a s s o c i a t e d  
wi t h  t h i s  method which he a p p i i e - i  t o  t he  p r o d u c t i o n  of  
s t a n a a r a  s u r f a c e  t a b l e s ,  c u t  a l t h o u g h  t h e  p r i n c i p l e  may 
n o t  p r e v i o u s l y  have been c l e a r l y  expeessed, t t e  method 
a p p e a r s  t o  have r e e n  Known t o  t h e  e a r l i e r  o p t i c i a n s .
The work i s  ground or  smoot hed uccn one of  t h e s e  
me t a l  t o o l s ,  f i n e  g r a d e s  of  c a r bo r undum or  emery b e i n g  
used as  t h e  a b r a s i v e  medium.  I t  i s  e s s e n t i a l  t h a t  t h e  
s u r f a c e  s n o u l d  ce  gr ound ana smoot hed  t o  t h e  d e s i r e d  
c u r v a t u r e  or  f l a t n e s s  as  t h e  t i me  of  p o l i 3 l i n g  de p e n d s  
upon t h e  p e r f e c t i o n  of  t h e  s mo o t h i n g  o p e r a t i o n s . : ;  Removal  
of  m a t e r i a l  d u r i n g  t n e  p o l i s h i n g  p r o c e s s  o c c u r s  v e r y
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s l o w l y  ana i t  i s  t he n  i m p r a c t i c a c l e  t o  e f f e c t  an a l t e r a t i o n  
of t h e  s hape  o t h e r  t n a n  a c h a nge  of t h e  f i g u r e  i n v o l v i n g  
a removal  of m a t e r i a l  t o  a ae&t n  of  a few wave l e n g t h s .
For  t h e  p o l i s h i n g  p r o c e s s  t r e  s u r f a c e  of  t he  met a l  
r u n n e r ,  which i t s e l f  need on l y  ce a p p r o x i m a t e l y  t r u e ,  i s  
c o v e r e d  wi t h  a l a y e r  of p i t c h  a c o u t  l c  frm. t h i c k ,  t he  
r u n n e r  c e m *  h e a t e d  g e n t l y  t o  e n s u r e  good a d h e r e n c e .  The 
o i t c h  s u r f a c e  i s  t h e n  moulded cy one of t h e  f l a t  t o o l s  
t h a t  has  ceen n e a t e a  j u s t  s u f f i c i e n t l y  t o  s o f t e n  t h e  
p i t c h  upon which i t  i s  p r e s s e d ,  flhen t h e  p i t c n  i s  c o l a ,  
t h e  whole s u r f a c e  i s  d i v i d e d  i n t o  s ma l l  s q u a r e s  cy deep 
g r o o v e s  which may ce c u t  more c l e a n l y  under  wa t e r  wnen 
t h e  c i t c n  i s  of a c n t t l e  t y c e .  Cver  t h e  p i t c h  s u r f a c e  
t h e r e  i s  t hen s t r e t c h e d  a p i e c e  of open t e x t u r e  mu s l i n  
wmch  i s  s q u e e z e d  i n t o  t n e  p i t c h  cy means of t h e  t o t  f l a t  
t o o l ,  ana i s  t h e n  p e e l e d  o f f ,  l e a v i n g  i t s  n e t wo r k  l m p e e s s i o n  
on t h e  s u r f a c e .
Whi le  t h e  deep g r o o v e s  he l p  t o  p r e s e r v e  t h e  f l a t n e s s  
py c r e a k i n g  t he  c o n t i n u i t y  of  t h e  l a y e r  and t h u s  P r e v e n t i n g  
t h e  c e n t r e  p a r t 3  f rom o e i n g  s q u e e z e d  t o wa r d s  t h e  p e r i p h e r y ,  
t h e i r  p r i n c i p a l  f u n c t i o n  a s  wel l  as  t h a t  of  t h e  f i n e  n e t ­
work i s  t o  d e s t r o y  t h e  s u c t i o n  t h a t  would h i n d e r  t h e  f r e e
movement of the work over the moist pitch surface.
The g r o o v e s  a l s o  s e r v e  to r e t a i n  any e x c e s s  m a t e r i a l  
t h a t  o t h e r w i s e  mi gh t  c o l l e c t  and p r o d u c e  s l e e k s ,  t n a t  i s ,  
mi n u t e  f u r r o w s  on t h e  s u r f a c e  of  t h e  work,  or  even c u t s .
A f t e r  t he  p i t c h  s u r f a c e  has  r een p r e p a r e d  m  t he  
manner  d e s c r i b e d ,  i t  i s  r u c c e d  wi t h  one of t h e  o p t i c a l l y  
f l a t  we t a l  t o o l s  u n t i l  i t  a l s o  i s  o p t i c a l l y  f l a t ,  houge 
ana wa t e r  a r e  commonly used  as  t he  wor k i ng  medium,  n o t  
onl y  i n  t h e  p r e p a r a t i o n  of  t h e  c i t c n  s u r f a c e  c u t  a l s o  in 
tr.e o p e r a t i o n  of p o l i s h i n g  t h e  wor k .
Ey means of t h e  s o f t  c r u s h  ( 7 )  f i n e  we l l  l e v i g a t e d  
r o u g e  ana w3t er  f rom t h e  c o t  ( 9 )  a r e  l a i d  in s t r e a k s  on 
t he  c i t c h  s u r f a c e  of t h e  t o o l  ( 4 ) ,  and t h e  h a r d e r  c r u a h  (6)  
i 3  empl oyed t o  s p r e a d  t h e  medium u n i f o r m l y  over  t h e  whole 
s u r f a c e  upon which t he  c a r t  t o  ce  worked i s  l a i d ,  t h e  
sponge  ( ? )  oe i ng  used t h r o u g h o u t  t h e  o p e r a t i o n s  t o  wa3 h 
away e x c e s s  m a t e r i a l  f rom a r ound  t n e  edge  of  t h e  t o o l .
Ine  o p e r a t o r  whose a t t i t u d e  i s  i l l u s t r a t e d  m  F i g . £5 
c o n t r o l s  t h e  work a r ound  i t s  p e r i p h e r y  cy means  of  t h e  
f i n g e r s  and thumbs ana ,  w h i l e  g e n t l y  p r e s s i n g  i t  i n t o
c o n t a c t  wi t n  t n e  p i t c n  s u r f a c e ,  ne moves i t  t o  and f r o .
At f r e q u e n t  i n t e r v a l s  a f t e r  a few suer,  r e p e a t e d  s t r o k e s  
t n e  work i s  g i v e n  a wide s weep i ng  movement  ove r  t n e  p i t c L  
s u r f a c e  ana i s  o c c a s i o n a l l y  r o t a t e d .  At i n t e r v a l s  t ne  
o p e r a t o r  a l 3 0  s t e p s  round t n e  c e a e s t a l ,  or  a l t e r n a t i v e l y  
t n e  l ower  t o o l  may Be 3 l owl y  r o t a t e d .
Tne p u r p o s e  of t n e s e  movements  i s  t o  a v o i d  any r e g u l a r  
r e c e t i t i o n  of s t r o k e s  t n a t  would t e nd  t o  l o c a l  wear  of  
t n e  t o o l  or  work,  and t n e  p r o d u c t i o n  of i r r e g u l a r  s u r f a c e s .  
I f  t n e  t o  and f r o  movement s  in one d i r e c t i o n  were r e p e a t e d  
f o r  t o o  Ion?  a t i n e ,  a Broad d e p r e s s i o n  would oe formed on 
t n e  t o o l  s u r f a c e ,  t n e  o p t i c a l  f l a t n e s s  of wmc n  would 
acc  o r d m g l y  ne d e s t r o y e d .
From t i me  t o  t m e  t n e  D i t c n  s u r f a c e  i s  r ewor ked  or  
f ormed Py means of  t n e  me t a l  t o o l  ( £ ) ,  t n e  f l a t n e s s  of  
w r i e r  i s  p r e s e r v e d  cy o c c a s i o n a l  wor k i ng  w i t n  t n e  t o o l s  
3 and 3 .  Towards  t ne  ena of t n e  p r o c e s s  w a t e r  on l y  i s  
U3ed a s  a D o l i s n i n g  media  is and t n e  o p e r a t i o n  i s  c o n t i n u e d  
u n t i l  t n e  wa t e r  i s  a l m o s t  e n t i r e l y  d r i e a  up,  wmc n  i s  
e v i d e n c e d  py a c n a r a e t s n s t i c  s q u e a k i n g  n o i s e .  In t n i s  
way t n e  g r e a t e s t  o o s s i c l e  v i s c o u s  f l ow of t n e  s u r f a c e  
m o l e c u l e s  i s  o c t a i n e d  owing t o  t n e  c l o s e  c o n t a c t  Between 
t n e  work ana t n e  p o l i s n i n g  t o o l .
S u r f a c e  d e f e c t s  such  as  s l e e K3  a r e  d e t e c t e d  by 
e x a mi n i n g  t n e  s u r f a c e  wi t h  a 1 o*» Dower l e n s ,  t n e  n e c e s s a r y  
i l l u m i n a t i o n  b e i n g  D e t a i n e d  f rom t ne  lamp ( 1 0 ) .  D e f e c t s  
of f l a t n e s s  a r e  d e t e c t e d  by means of t n e  t e s t  p l a t e  ( 1£)  
which i s  o l a c e d  on t n e  s u r f a c e  of t n e  work l y i n g  upon a 
b l a c k  c l o t n .  I t  i s  e s s e n t i a l  t n a t  t n e  t e m p e r a t u r e  of t n e  
p a r t s  s h o u l d  ce a l l o w e d  t o  e q u a l i s e  c e f o r e  a t t e m p t i n g  to 
form a d e f i n i t e  d e c i s i o n  a s  t o  t n e  c h a r a c t e r  of t n e  s u r f a c e  
un de r  t e s t ,  and c e f o r e  u s i n g  t h e  t e s t  p l a t e  t n e  p a r t s  
s n o u l d  ce t h o r o u g h l y  c l e a n e d  wi t h  a l i n e n  c l o t n  o r  s e i v y t  
( 1 ? )  and a l s o  f r e e d  f rom d u s t  cy means of  t h e  s o f t  o r ush  
( 1 4 ) .
At n i g h t  i t  i s  c o n v e n i e n t  t o  u s e  Mercury Vacour  lamp 
l i g h t  which i s  a c c r o x i m a t e l y  homogeneous  and p r o d u c e s  
c l a c k  i n t e r f e r e n c e  r i n g s  t h a t  may ce ve r y  r e a d i l y  o b s e r v e d .
Much s k i l l  i s  n e c e s s a r y  t o  o b t a i n  t h e  c o r r e c t  f i g u r e  
or  f o r® of t n e  p o l i s h e d  s u r f a c e  w i t h i n  t n e  l i m i t s  e s s e n t i a l  
t o  t h e  D r o d u c t i o n  of wel l  d e f i n e d  i mages  ana  e a c h  o p e r a t o r  
nas  h i s  own c a r t i c u l a r  method of c o n t r o l l i n g  t h e  f i g u r e .
Two me t hods  a r e  f r e q u e n t l y  e mp l o y e d .  In nand work wi t h  
t h e  t o o l  below t h e  g l a s s  i f  t h e  s u r f a c e  becomes c o n c a v e  
t h e  s t r o k e  s n o u l d  be r e d u c e d  w i t h i n  t h e  l i m i t 3 of  t h e
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p o l i s h e r .  I f  t n e  s u r f a c e  Decodes  c onvex  t n e  3 t r o k e  s h o u l d  
be widened u n t i l  t n e  d e f e c t  i s  c o r r e c t e d .  On machi ne  work 
wi t h  t n e  t o o l  above  t n e  work,  t n e s e  o p e r a t i o n s  s n o u l d  ce 
r e v e r s e d ,  a m d e  s t r o k e ,  and e s p e c i a l l y  one t n a t  o v e r l a p s  
t n e  p o l i s m n g  t o o l  Deing emcl pyed t o  r e d u c e  any c o n c a v i t y  
of t n e  s u r f a c e .
In t n e  c a s e  of l a r g e  s u r f a c e s  sucn  a s  a r e  u s u a l  i n  
mach i ne  i r u l t i c l e  work,  t n e  p o s i t i o n  of t n e  c o l i s n i n g  t o o l  
f a y  be so a l t e r e d  t n a t  i t  a c t s  f o r e  a r ound  t ne  o e r i D h e r y  
or  o ve r  t n e  c e n t r e  a r  f a y  ce d e s i r e d  t o  c o r r e c t  t n e  f i g u r e .
m e  s econd  method c o n s i s t s  i n  r i n g i n g  t h e  t o o l ,  t n a t  
i s ,  i n  b r o a d e n i n g  t h e  f u r r o w s  or  s c r a p i n g  t h e  s u r f a c e s ,  and 
t h u s  r e d u c i n g  t b s  e f f e c t i v e  p o l i s h i n g  a r e a  a t  t h e  c e n t r e  
o r  t o w a r d s  t n e  edge  a c c o r d i n g  t o  t n e  r e q u i r e f e n t s .
Thus ,  s u p p o s e  a c l o c k  of  c o n c a v e  l e n s e 3  i s  t o o  s n a i l o * .  
lo c o r r e c t  t n e  f i g u r e  i t  i s  n e c e s s a r y  t o  remove m a t e r i a l  
f rom t n e  c e n t r e ,  i n i s  may ce  done  by l e n g t h e n i n g  t n e  
s t r o k e  of t n e  b l o c k  so t n a t  a t  t n e  ends  of  t h e  t r a v e l  i t  
o v e r l a p s  t n e  D o l i s n i n g  t o o l  wi t h  t n e  r e s u l t  t n a t  f o r  a 
p o r t i o n  of  t h e  t i me ,  t h e  o u t e r  c a r t s ,  a s  compar ed  wi t h  
t h e  c e n t r e ,  a r e  no t  a c t e d  uoon and a r e  n o t  r e d u c e d  t o
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tfce same e x t e n t ;  or  tfce o a t e r  p o r t i o n  of t h e  c o l i s h i n g  
t o o l  may r e  r e d u c e d  cy s c r a p i n g ,  or  tfce e f f e c t i v e  s u r f a c e  
r e d u c e d  Py r i n g i n g  so a s  t o  i n c r e a s e  t n e  r e l a t i v e  e f f e c t  
of t n e  c e n t r e  c a r t s .
A p o l i s n e r  t n a t  nas  c een  used  f o r  a c o n s i d e r a b l e  t i i . e  
o f t e n  becomes  g l a z e d  and l o s e s  i t s  e f f e c t ,  so f a r  as  t n e  
r emoval  of g l a s s  i s  c o n c e r n e d  c u t  no t  as  r e g a r d s  tfce a c t u a l  
p o l i s h i n g  a c t i o n  i f  t h e  c o n t a c t  i s  go o d .  I t  has  ceen 
s u g g e s t e d  t h a t  t h e  g l a z e  whi ch may ce r e a d i l y  s c r a p e d  away 
i s  a more or  l e s s  c o n t i n u o u s  l a y e r  of  glass.
P a r t i c u l a r  r e s u l t s  a r e  a l s o  o b t a i n e d  cy a p r o p e r  
s e l e c t i o n  of t he  p o l i s h i n g  l a y e r .
In t n e  c a s e  of p i t c h  which s h o u l d  ce  a good q u a l i t y  
of  Burgundy p i t c h ,  t n e  h a r a n e s s  must  ce v a r i e d  by more or  
l e s s  p r o l o n g e d  b o i l i n g  t o  s u i t  t h e  t e m p e r a t u r e  and t o  some 
e x t e n t  t h e  n a t u r e  of t h e  g l a s s  ana work.
( 1 )  The S u r f a c e  Layer  of  an O p t i c a l  P o l i s h i n g  T o o l .
J . # .  F r e n c h ,  P r o c s .  O p t .  So c y .  Vol.XXV., No.fc,  3920 .
A-Xjlaw/m'  m? jjj% y
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Thus ,  u n l e s s  t n e  workshop t e m p e r a t u r e  can ce  k e p t  
c o n s t a n t ,  wnich i s  no t  e a s y  so f a r  as  t n e  r e d u c t i o n  of t ne  
maximum summer t e m p e r a t u r e  i s  c o n c e r n e d ,  a ba r d  we l l  
c o i l e d  p i t c h  must  ce used in summer and a s o f t e r  p i t c h  m  
w i n t e r .
Some o p e r a t o r s  p r e f e r  t ne  use  of  wax i n s t e a d  of p i t c h  
and p a r t i c u l a r l y  f o r  t n e  c o l i s n i n g  of c u r v e d  work.
From F i g ,  26 i t  w i l l  ce s een  t n a t  t h e e e  a r e  c h a r a c t e r ­
i s t i c  d i f f e r e n c e s  a t t r i c u t a c l e  l a r g e l y  t o  d i f f e r e n c e s  in 
t h e  v i s c o s i t i e s  of t he  m a t e r i a l s .  A b s c i s s a e  r e p r e s e n t  
t e m p e r a t u r e s  and o r d i n a t e s  t n e  r a t e s  of  p e n e t r a t i o n  of  a 
s t e e l  d i s c  unde r  a c o n s t a n t  l o a d .  Ane r eas  t h e  p i t c h  y i e l d s  
even a t  t h e  v e r y  low t e m p e r a t u r e s ,  v e r y  l i t t l e  c h a n g e  
o c c u r s  i n  t h e  c e e s w a x - r e s i n  c o m p o s i t i o n  u n t i l  a t e m p e r a t u r e  
of  a c o u t  27 G i s  r e a c h e d ,  when t n e  v i s c o s i t y  r a p i d l y  
c h a n g e s .  As t he  normal  t e m p e r a t u r e  of  wor k i ng  r a r e l y  e x c e e d s
Q
22 C, i t  w i l l  Ce e v i d e n t  t n a t  wax l a y e r s  a r e  n o t  3 0  s u s ­
c e p t i b l e  t o  f l u c t u a t i o n s  of t e m D e r a t u r e  as  p i t c h  l a y e r s .
Wax t h e r e f o r e  r e t a i n s  i t s  s h a p e  b e t t e r  t h a n  p i t c n  b u t  i t s  
form i s  n o t  so e a s i l y  ma n i Du l a t e d  when a m o d i f i c a t i o n  of  
t h e  f i g u r e  i s  a e s i r e a ,  ana t h e  d i f f i c u l t y  of  o b t a i n i n g  good 
c o n t a c t  i s  g r e a t e r .
G] s s s  3 9 s . 
Bi e. £ 7 .
Go,
Only t n e  v e r y  h i g h e s t  q u a l i t i e s  of o p t i c a l  work or
s ma l l  q u a n t i t i e s  of i n d i v i d u a l  o a r t s  a r e  maae by s k i l l e d
band me t h o d s .  For  t n e  p r o d u c t i o n  of o a r t 3  i n  l a r ? e
q u a n t i t i e s  c o n s i d e r a t i o n s  of c o s t  make t h e  use  of  ma c h i n e r y
e s s e n t i a l ,  Al t hough  h i g h l y  s p e c i a l i s e d  ma c h i n e r y  nas
been e v o l v e d  f o r  t n e  m a n u f a c t u r e  of  p a r t i c u l a r  p r o d u c t s
( 1 )sucn a s  s p e c t a c l e  l e n s e s ,  t n e r e  a r e  c e r t a i n  we l l  d e f i n e d  
met hods  and t y p e s  of  m a c h i n e r y ,  a d e s c r i p t i o n  of whi ch 
a l o n e  w i l l  s u f f i c e  t o  i n d i c a t e  t ne  f u n d a me n t a l  p r i n c i c l e s .
Tne p r o c e s s e s  may Ce d i v i d e d  i n t o  t h r e e  g r o u p s : -  
( a )  Formi ng or  hough i ng  
( c )  Smoot hi ng  
( c )  P o l i s h i n g
F r e q u e n t l y  t h e  raw e l a s s  i s  s u p p l i e d  i n  t h e  form of  e l a t e s  
which a r e  c u t  t o  t h e  a p p r o x i m a t e  s n a o e  by means of saws ,  
as  i l l u s t r a t e d  in F i g . 27 ,  The se  saws a r e  t r i n  s h e e t  me t a l  
d i s c s  of  a s o f t  c h a r a c t e r .  I r o n  a r m a t u r e  s t a m p i n g s  a r e  
ve r y  s u i t a b l e  f o r  t h e  n u r p o s e .  The edge  of  t h e  saw i s
( 1 )  S c h u l e  d e r  CDtik,  G l e i c h e n  und K l e i n ,  1914.
P r a k t i s c h e r  T e i l  by K l e i n .
n o t c h e d  and c h a r g e d  wi t h  diamond d u s t  mixed wi t h  o l i v e  
o i l  t o  t h e  c o n s i s t e n c y  of  a f i n e  c a s t e .  In Germany i t  i s  
common p r a c t i c e  t o  c u t  deep  r a a i a )  p e r i p h e r a l  s l o t s  s c o u t  
a m i l l i m e t r e  c r o a d  and t o  f i l l  t h e s e  wi t h  l e a d  which h o l d s  
t h e  diamond du3t  more e f f e c t i v e l y .
The work which may ce a p i l e  of p l a t e s  h e l d  w i t h i n  
t h e  j aws  of an a d j u s t a b l e  h o l d e r  i s  p u l l e d  cy a we i g h t  
a g a m 3 t  t n e  c u t t i n g  edge ,  t h e  movement  c e i n g  c o n t r o l l e d  
Cy t h e  wi t h d r a wa l  or a s c r ewed  a b u t m e n t .
T u r p e n t i n e  a s  a l u b r i c a n t  g i v e s  t h e  c e s t  r e s u l t s ,  t u t  
i t  has  t h e  d i s a d v a n t a g e  of  b e i n g  c o s t l y .  P e t r o l  i s  very 
s u i t a b l e .  Water  wi t h  a s ma l l  a d m i x t u r e  of  soda  t o  p r e v e n t  
r u s t i n g ,  a l t h o u g h  l e s s  e f f e c t i v e ,  i s  commonly u s e d .
An a v e r a g e  c e n c h e r a l  s peed  of t h e  saw i s  a b o u t  1200 
f e e t  p e r  m i n u t e .
Labour  and e x p e n s e  m  c u t t i n g  may be s a v e d  by t h e  use 
of  g l a s s  t h a t  has  ceen moulded t o  a p p r o x i m a t e l y  t h e  c o r r e c t  
s h a c e  and s i z e ,  enough e x c e s s  m a t e r i a l  on l y  c e i n g  a l l o we d  
t o  e n s u r e  t h a t  when a l l  t h e  i r r e g u l a r i t i e s  of  t h e  s u r f a c e  
have ceen  Ground away t h e  s i z e s  w i l l  no t  ce t o o  s m a l l .
(q of (Ls
Roj gn  Band G r i n d i n g  D i s c  
Fi-S.  ?3 .
Alien t n e  q u a n t i t i e s  i n v o l v e !  a r e  no t  l a r g e ,  t n e  a c t u a l  
f o r c i n g  of t ne  work t o  t r e  r e q u i r e !  l i n e a r  Di mens i ons  an!  
s n a p e  w i t n i n  u s u a l l y  an a n g u l a r  l i c i t  of  i  t n r e e  m i n u t e s  
i s  s ome t i me s  Done cy n a n ! ,  a s  i n d i c a t e !  m  Fig . f cb,  t ne  
a n g l e s  c e i n c  t e s t e !  cy means of s i m p l e  a d j u s t a b l e  g a u g e s ) ^  
or  i n  t ne  c a s e  of  l e n s e s ,  cy a i s c  gauges  t u r n e !  t o  t ne  
a p p r o p r i a t e  r a a i u s .  For  tr.e r o u g h e s t  g r i n d i n g ,  s a n !  or 
c o a r s e  ca r bor undum or emery cay r e  u s e ! ,  t n e  s a n !  c e i n g  
c n e a p e s t  c u t  s l o w e s t  i n  a c t i o n .  I f  a p l a n t  f o r  t ne  w a s t i n g
( r  \
an!  g r a d i n g  of t n e  a c r a s i v e  i s  i n s t a l l e d , ^  t n e  use  of  a
s i n g l e  t y p e  of a t r a s i v e  soon as  c a r t o r u n i u n ,  a c o a r s e  an!
c n e a p  g r a d e  of « n i c e  on l y  neea  be c u r c n a s e ! ,  i s  c o t r
e c o n o mi c a l  ana c o n v e n i e n t .
finen two a c r a s i v e s  such  as  carcorunuum.  ana emery a r e  
empl oyed f o r  t n e  c o a r s e r  an!  f i n e r  g r i n d i n g  p r o c e s s e s ,  
g r e a t  c a r e  must  ce e x e r c i s e !  t o  a v o i d  c o n t a m i n a t i o n  of t r e
( 1 )  f i andcuch d e r  c r a k t i s c h e n  O p t i k ,  cy ha]  1 e,  1 ^ 1 ? .
( 2 )  Tne Gr a d i n g  of Carborundum f o r  O p t i c a l  Purposes . ,
T r a n s .  C o t . S o c y .  C c t .  1^17 .
Car f coruRi uf  Wheel  F i r e  
G r i n i i n ^  Ma c h i n e .
Fig. F9.
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emery wi t n  t i e  t a r a e r  c a r b o r u n d u m.  '1 tie l a r g e  c a 9 t  i r o n  
g r i m i n g  d i s c  in F i g . w n i c t  r u n s  a t  a s peed  of a b o u t  
2 t 0  r e v s ,  ne r  mi n u t e  s e r v e s  t t .e d o u b l e  p u r p o s e  of c r e a k i n g  
down t r e  c o a r s e r  a t r a s i v e  p r e p a r a t o r y  t o  f i n e  g r a a i n g  
and of f o r mi n g  t r e  n e a v i e r  work .  In t r e  c a s e  of s a l  t i d e  
work t r e  c o s t  of lafcour g e n e r a l l y  n e c e s s i t a t e s  t r e  a d o c t i o n  
of  g r i n d i n g  ma c h i n e r y ,  one t y c s  of  w r i e r  i s  i l l u s t r a t e d  m  
F i g . 29.  A numcer  of p a r t s  a r e  mounted upon an a d j u s t a b l e  
r o l l e r  on t r e  t a b l e  of t r e  T a c r i n e ,  t r e  r o l l e r  c e i n g  so 
a r r a n g e d  t b a t  i t  c an  be a c c u r a t e l y  a n g l e d  i n  a c c o r d a n c e  w i U  
t r e  i n d i c a t i o n s  of  a s c a l e .  The t a b l e  r u n s  t r e  work 
l o n g i t u d i n a l l y  unde r  t r e  g r i n d i n g  wneel  and a t  t r e  end of  
each  s t r o k e  i t s  mot i on  i s  a u t o m a t i c a l l y  r e v e r s e d ,  t r e  
g r i d  in*! b e i n g  done d u r i n g  fcotfc s t r o k e s .  f t  t i e  e r d  of 
e t a  s t r o k e  U t  t a b l e  i s  a l s o  f ed t r a n s v e r s e l y  a u t o m a t i c a l l y  
cr  by c a n d .  P i l f e r  a Heavy c u t  of  abou t  ! s i r .  w i t r  a s low 
t a b l e  s pe ed ,  cr  a l i g t t  c u t  of g tr.m. w i t f  a f a s t  c u t t i n g  
speed  of  10 f e e t  per  mi nu t e  may r e  used ,  but. g e n e r a l l y  i t  
i s  d e s i r a b l e  t o  a v o i d  t f e  Heavy f o r c e s  i n c i d e n t a l  t o  a 
Leavy c u t .
Tne g r i n d i n g  wheel  wrier* i s  f e d  ao*n by tar-d as 
r e q u i r e d ,  i s  a f i n e  g r ade  c a r b c r u n d u n  t y p e  s u e t  as  220 J
r u n n i n g  a t  a p e r i p t e r a l  s pee d  cf  s t o u t  £00 f e e t  p e r  mi nu t e
An ample s u p p l y  of l u b r i c a n t  s ucc  as  wa t e r  i s  e s s e n t i a l  
t c  a v c i a  a l l  da nge r  cf t h e  f o r m a t i o n  of mi nut e  h e a t  c r a c k s .
W i l l i n g  c u t t e r s  i r  t h e  form cf  c y l i n d e r s  of c o p p e r ,  
t h e  s u r f a c e s  cf  which a r e  g r ooved  l o n g i t u d i n a l l y  ana
c h a r g e d  r i t  r a m e n u  d u s t ,  have been used by some cf t he  
n o r e  l a p c r  t a r  I German or l i e  I a n s , b j t  such C u t t e r s  a t t e a r  
t o  r s v e  been g e n e r a l l y  s b a n a o n e a  e x c e c t  f o r  c e r t a i n  minor  
c n e r a t i o r s  in f a v o u r  of  ca r borundum w h e e l s .
G l a s s  m i l l i n g  as  comp a r e a  w i t h  s u r f a c e  g r i n d i n g  has  
t he  d i s a d v a n t a g e  cf t e i n s  c o m p a r a t i v e l y  s l ew and t h e r e f o r e  
r e l a t i v e l y  c o s t l y ,  i n i s  w i l l  ce e v i d e n t  wren i t  i s  c o n s i d e r e d  
t h a t  t h e r e  i s  onl y l i n e  c o n t a c t  be t ween the wheel  and t h e  
s u r f a c e  cf  t h e  work which f o r  t he  g r e a t  p a r t  of t he  t i me  
i s  t h e r e f o r e  n e t  b e i n g  a c t e d  upon,  wher eas  in t he  c a s e  of 
s u r f a c e  g r i n d i n g ,  m a t e r i e l  i s  b e i n g  removed c o n t i n u o u s l y  
I rcrr  ev e r y  p a r t  of  t h e  s u r f a c e .
The c r i n a i n g  i s  u s u a l l y  acne  by T e a r s  c f  a c a s t  i r o n  
o i s c  wi l l  l o o s e  a b r a s i v e ,  ar.o t h e  p a r t s  to be o p e r a t e d
<
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opoo a re  mounted lo a c cu ra te  m u l t ip le  j i g s  tfce expense 
of mbicb can on lf  be contemplated then toe ous te r  of p ieces  
to  66 manufactured i s  l a r g e .
As tbe  aork a o s t  be formed p r a c t i c a l l y  a t t a i n  toe 
f i n a l  in sp ec t io n  l i m i t s  i t  i s  necessary th a t  toe aacOlne 
should oe capable of lo rk ln g  to  an angular  l i m i t  of about 
2 minutes and a dimensional l im i t  of about^g mm. to  ^  am.
A fter  tbe  ind iv idua l  p a r t s  bare been formea to  tbe 
exact  ebape tbey a re  submitted to  tbe smoothing p rocesses  
p rep a ra to ry  to  being p o l l u t e d .  For t b i s  purpose tbe 
f a c e s  to  be po l isbed  a re  placed in co n ta c t  a l t t  an o p t i c a l l y  
norked tool* F i g . 80, tbe  su r fa ce  of to i c o  bas been 
rborougoly cleaned and s l l g o t l y  o i l e d .  Care must be taken 
to  ensure t b a t  toe la y e r  of o i l  be tseen  tbe s u r fa c e s  of 
tbe  work and tbe  tool  i s  uniformly t b i c k .  A very s l i g h t  
p re s su re  on one end of tbe p ie ce  say s u f f i c e  to  in troduce  
an angular  e r r o r  of a minute .  I l t b  a l i t t l e  p r a c t i c e  
sucb e r r o r s  even in tbe case  of f ace s  of a f e s  c e n t im e tre s  
le n g tb  ssy be avoided.
Over tbe tool i s  tben placed a c i r c u l a r  frame mork 
in to  which tbe re  i s  poured a layer  of p l a s t e r  of P a r i s  of
13 A-
74,
scout  £ an. th ic k n es s .  After  the p l a s t e r  tee  s o l i d i f i e d  
tfce f r s s e  i s  f i l l e d  s i t s  s sp e c ia l  ceaent s to s e  voluse 
r e s a l e s  p r a c t i c a l ) !  c o n s ta n t  a f t e r  s o l i d i f i c a t i o n .  P la s t e r  
of P a r i s  and o esen ts  t a a t  ooo ta io  f r e e  l l e e  Save tne d i s ­
advantage t a a t v osing to  c r r s t a l l i e e  changes in  tbe  s o l id  
c o n d i t io n ,  tbe to io n e  a f t e r  s o l i d i f i c a t i o n  in c re a se s  fo r  
aaey son tb s ,  tbe g ros tb  ce ing comparatively rap id  do t ing  
tbe f i r s t  fes  seeks .
In sacb a case  os ing  to  t b i s  expansion, tb e  snootbed 
su r fa c e  of a ceaented c lock  of p r i a a s  tenda to  sarp  to  an 
ex ten t  t b a t  say unduly prolong tbe po l ish in g  t i a e ,  or even 
n e c e s s i t a t e  r e - a s o o tb in g .
P l a s t e r  of P a r i s  i s  s u i t a b l e  f o r  blocks of SO c a .  
d i s a s t e r ,  and can ce used fo r  blocks of 50 c a .  d l a a e t e r  
i f  tb e re  i s  no delay  ce tneen tbe  ssootb lng  and p o l i s h in g  
processes  sod i f  tbe l e t t e r  i s  coap le ted  ra p id ly  and in 
one o p e ra t io n ,  fo r  l a rg e  blocks of 1 a e t r e  d i s a s t e r  sucb 
as i s  i l l u s t r a t e d  io f i g . P l ,  s p e c ia l  ceaenta  are  e s s e n t i a l .
tb e  f r a a e  t i t b  tbe  s o l i d i f i e d  ceaent  co n ta in in g  tbe 
p r i s a a  i s  s t r ip p e d  f ro a  tbe  o i led  su r face  of tbe  p l a t e  
and sben turned over tbe tb in  layer  of p l a s t e r  of P a r i s  can
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Be reaoved, leaving  tbe  s u r fa c e s  of tbe  p r i s e s  p r o je c t in g  
f ro e  tbe  layer  of c eae n t ,  tbe  face  of ebicb i e  cleaned 
and varnlabed to  aake I t  thoroughly vaterproof  sod to  
p revent  f rag aan ta  f ro a  b reak ing  loose  and I n t e r f e r i n g  n l t t  
tbe  eork of p o l l s b lo g .  fbe tb in  l a y e r  of p l a s t e r  of P a r is  
aae no ap p rec iab le  111 e f f e c t  as  I t s  tb lckneaa  and t l a e  of 
a c t io n  a re  co tb  a a a l l .
For tbe ac tual  saoo tb ing  opera t ion  a aacblne of tbe 
general  type in d ic a ted  in  Flg.31 i a  eaployed, be t  al tboagb 
tbe  p r i n c ip l e  involved la  g e n e ra l ly  tbe ease ,  tbe a r ran g e -  
aan ta  vary c o n s id e ra b ly .
In a aacblne tool  f o r  tbe  fo rk in g  of n e t a l a  or tbe 
fo rn ln g  of g la s s  socn as i s  Ind ica ted  in  Plg .Sii ,  tbe  
p lane  in  ablcb tbe  aork aovea and tbe  a i i a  about ablcb tbe 
too] r o t a t e s  a re  ootb d e f i n i t e l y  f l k e d .  Tbe accuracy of 
tbe eork la  accord ing ly  dependent upon tbe  aeoorecy of 
tbe  aacb ln e .
i s  tbe  accaracy r e q u i s i t e  f o r  tbe  po l iab lng  of an 
o p t i c a l l y  good s u r fa ce  l a  nea r ly  ten  t l a e a  as g rea t  as 
la  o b ta in ab le  e l t b  tbe  b e e t  ty p e :o f  a a c b i n e t o p l ,  *11 J a  
necessary  fo r  tbe aa n u fae tu re  of o p t i c a l  sork  to  adopt
76*
tne f l o a t i n g  tool  p r in c i p l e  p reviooaly  r e f e r r e d  to in 
connection t l t fc  tbe p rep a ra t io n  of f l a t  g r ind ing  t o o l s .
la  f ig .8 1  i t  f i l l  be seen t n a t  tne  f l a t  g r ind ing  tool  
r e a t a  f r e e ly  epoa tne  s u r fa c e  of tne  fo rk ,  tne  d i s a s t e r  
of anicn i s  about SOI g r e a t e r  tnan t n a t  of tne too l ,**^  
sad t n a t  i t  la  sored by a c e n t r a l  pin r e e t l a g  l a  t e e  
noil  of socket  of tne  t o o l ,  fo r  tne  ac tua l  sovesen t  of 
the  toc l  var ious  aecnan isas  nave ceen Introduced bat  tn a t  
in d ic a te d  in tne  i l l u s t r a t i o n  i e  tne  aoa t  eoaaoa.
(2)
i l l  tne  ar rangeaen ta  a re  p a r t i c u l a r l y  designed 
to  s te ep  tne  tool over tne  s e r f a c e  in a c o n t in u a l ly  aod 
t i d e l y  varying patn t n a t  only re p e a ts  i t s e l f  a f t e r  a 
g r e a t  notoer  of s t ro k e s ,  and fo a tn e r ,  to  p rovide  s i a p l e  
a d jo s t a e o ta  a tereby  tne ac t io n  of tne  tool  say be d i s ­
t r i b u t e d  so re  or l e s s  over tbe  c e n t r a l  or o u te r  tones of 
tne to rk  fo r  tbe  purpose of r e g e l a t in g  tbe f o r a  or f i g u r e .
(1) Deutsche keen. Z e i t .  V ol .9, 190d, p . 01.
(£) Bandbacb der p rak t i sonen  O pt ik .  f ia l le ,  1918.
77.
Benina tne lacn io e  th e re  are s i t u a te d  t i o  v e r t i c a l  
a n a f ta  eacn ca r ry in g  a t  i t a  nead a crank pin tne d is tan ce  
of vnicn f ro a  tne c e n t r e  of r o t a t i o n  la  a d j u s t a b l e .  One 
crank d r iv e s  the  end of tne  s a in  d r iv ing  a r t  tfcroogn tne 
in t e r a e d ia ry  of a g iaba l  connection t n a t  e n ab le s  tne  are 
to  be r a i s e d  sben necessary  q o i t e  c l e a r  of tne  t o o l .  Ibe 
o tner  crank s l a l l a r l y  d r iv e s  a rad io s  oar coupled to  tne 
d r iv in g  a r e .  As tne tn ro a s  of tne  crank a re  independently  
v a r ia b le  and as tne p o in t  of connection  of tbe  rad ius  bar 
n i tn  tne  d r iv in g  ara  i s  a d ju s ta b l e ,  a l a rg e  v a r i a t i o n  in 
tne patn of tbe tool i s  o b ta in a b le .  I t  i s  i s p o r t a n t  tn a t  
tbe  r e v o lu t io n s  of tne  crank sp in d le s  snould not be a 
m o l e  s o l t l p l e  of tbe  i o r r  sp ind le  r e v o lu t io n s .  A bunting 
to o tn  snould be in troduced in  tbe  gear ing ,  o t n e r s i s e  a 
p o r t ion  of tne su r face  s i l l  take longer to  saootb  or p o l i s n ,  
thus in c re a s in g  tne  t n e  of tne o p e ra t io n .  By a d ju s t in g  
tbe  leng th  of tn e  r a d iu s  oar tne  too l  say be aade to  ac t  
aore over tbe per iphery  of the  vork, and the  le n g th  of tne 
s t ro k e  say oe a l t e r e d  by a v a r i a t i o n  of the  aaount of tbrov 
of both c ran k s ,  th e se  adjus tau n ts  are  necessary  f o r  the 
co n t ro l  of the  fo ra  or f i g u r e  of the  so rk .
To d e t e r a in e  oy c a l c u l a t i o n  the  d i s t r i b u t i o n  of the 
g r ind ing  or p o l i s a in g  ac t io n  over the su r fa c e  of tbe  vork
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i s  very d i f f i c u l t  and la b o r io u s .  As fas  p rev ious ly  s t a t e d ,  
the a c t io n  i s  p r a c t i c a l l y  d i r e c t l y  p rop o r t io n a l  to  tne 
r e l a t i v e  speed of tne  tool  and tbe work. Vben tne  too l  
i s  c o n c e n t r ic  s i t n  tne  r o t a t i n g  fo rk ,  botn r o t a t e  
to g e th e r  and th e re  i s  no r e l a t i v e  novenent or g r ind ing  
a c t io n  un less  a p a r t i a l  brake i s  app l ied  to  the t o o l .  As 
tne  tool passes  fron the c e n t r e  to t a rd s  the per iphery  i t s  
v e lo c i ty  v a r i e s  and th e re  i s  then r e l a t i v e  notion of tbe 
tool  and fork and consequent ly  ab ra s io n ,  Tbis r o t a t i o n  
i s  a l say s  in tbe sa se  sense as t n a t  of tne fo rk  but i t  
n e c e s s a r i ly  v a r ie s  throughout the  cy c le ,  a l though tbe  
soaentua of a heavy tool acquired then in the co n c e n t r ic  
p o s i t io n  tends to  sake tbe r o t a t i o n  u n i f o r s .
fbe  ac t io n  a t  any p a r t i c u l a r  po in t  depends upon tbe 
t i n e  the  p a r t  i s  ac ted upon cy tbe to o l ,  and t h i s  v a r ie s  
n i t s  the  r e l a t i v e  p o s i t i o n s  of tne tool and tbe  fo rk ,  as 
tbe  s t ro k e  i s  g en e ra l ly  such t n a t  tne tool  s o a e t i a e s  over­
lap s  the fo rk  a t  c o n t in u a l ly  varyiog p o s i t io n s  and by 
varying aaoun ts .
The a c t io n  i s  a l so  p ro p o s t lo n a l  to tbe  load, and t h i s  
i s  not co n s tan t  as  the a rea  of tbe tool  i i  c o n ta c t  s i t b  
the vork v a r ie s  in  tbe over lapping  p o s i t i o n s .
70.
Pro* these  c o n s id e r a t io n s  i t  w il l  be ev iden t  th a t  
tbe  p ro b le t  of d e t e r a in ln g  tbe d i s t r i b u t i o n  of tbe  ac t ion  
even ander tbe a i i p l e s t  c o n d i t io n s  i s  a very coaplex one.
Tbe o b je c t  of tbe  saootb ing  p rocess  i s  to  reaove 
I r r e g u l a r i t i e s  of tbe  t o t a l  s a r f a c e  a r i s i n g  p r i n c i p a l l y  
f ro e  a a a l l  e r ro ra  in tbe lay ing  dosn or aaaeebling  of tbe 
ind iv idua l  p a r te  and a ino r  d i s t o r t i o n s  of tbe  t a s s ,  and to 
reaove any acc iden ta l  a a a l l  boles or c a t s  in troduced  by 
tbe coa rse r  ab ras ive  during fo r a in g .  I f  tbe  sorb bas been 
s e l l  done tbe aaoant of a a t e r i a l  to  be reaoved i s  a a a l l ,  
cu t  as tbe  r a t e  of reaoval of a a t e r i a l  during tbe saootbing 
o p e r a t io n , s t e n  f in e  eaery or carborundua i s  used as an 
ab ra s iv e ,  i s  aucb aore rap id  tban during tbe  p o l i s h in g  
s ta g e  sben rouge i s  eaployed, tbe iap o r tan ce  of good 
saoo tb ing  s i l l  be e v id e n t .
Tbe p o l ish in g  process  i s  p r a c t i c a l l y  a c o p t ia e a t io n  
of tbe  saootb ing ,  tbe  saae ae tbods  and type of aaobiae 
beiog eaployed; but a p o l i s h in g  aediua sucb as rouge i s  
used in  tbe  f i r s t  in s tan c e  in s tea d  of an ab ra s iv e ,  and a 
p i t c b ,  sax, or c l o th  p o l i s h e r  In s tead  of a a e t a l  t o o l .  As 
in tbe  band p o l ish in g  p rocess  prev ious ly  descr ibed  s a t e r
j f j h r
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only i s  used as a p o l i sh in g  sediua in tee  f i n a l  s tages  
of tbe opera t ions*
Another type of aacbine capable of p o l i s h in g  a block 
about 1.5 a e t re8  in d i a a e t e r  i s  in d ic a te a  in Fig*8S, and 
tbe  sorking of a concave block of la rge  d i a s e t e r  lenses  
i s  i l l u s t r a t e d  in  F i g . 38.
T«o aetbods say ce eaployed fo r  tbe production of 
curved sork sucb as tbe  e l e a e n t s  of an o b je c t iv e  or an 
eyepiece*
In tbe f i r s t  aetbod sbicb i s  not e x ten s iv e ly  adopted 
on account of tbe  accu ra te  j i g s  t h a t  are involved,  tbe 
lens  blanks are  ground to  tbe  f i n a l  d i a a e t e r  to  s l t b i n  a l i a i t  
of about ainua ^  as* Several p i l e s  of d i s c s  ceaented 
to g e th e r  p repara to ry  to  being ground to tbe c o r r e c t  d ia ae te r  
are  sbosn in Fig*S4, sb icb  a l so  i l l u s t r a t e s  tbe c a rb o r -  
undua sbeel edging aacbine*
Tbe edged blanks a f t e r  being separa ted  and cleaned 
are  aounted in tbe tool In d ica ted  in Fig*38, and tbe curve 
i s  tben ground t ru e  s i t b  tbe per iphe ry ,  provided tbe  j i g  
and sorkBansbip are  s u f f i c i e n t l y  accurate*

81.
In ttie sore coaaon aethod which la g e n e ra l ) ;  used 
fo r  ap ec tac le  and o ther  len ses ,  the onedged and p a r t i a l l y  
shaped blanks are  aeeored in d iv id u a l ly  a l t h  p i t c h  s i t h l n  
the  h o ld e r ,  fhey are then ground and polished  In the  
usoal tanner  and a f t e r  nelng reaoved ana cleaned the 
per iphery  of the lens ,  I f  c i r c u l a r ,  i s  ground t ru e  u l th  
the  o p t ic a l  ax is  of the  l e n s .
This opera t ion  i s  in d ica ted  in P ig .  85. The lena 
to  he edged i s  s l i g h t l y  heated and ceaented to  the  nose 
of the ho l los  sp ind le  of a s n a i l  l a th e  head. Rhile the 
ceaen t  i s  s o f t  the  p o s i t io n  of the lens  i s  ad jus ted  u n t i l  
the  t so  r e f l e c t i o n s  of a l i g h t  or o the r  o b je c t  f ro a  the 
f ro n t  and back su r fa ce s  of the  le n s* 1  ^ do not r o t a t e  then 
the sp in a le  i s  slowly revo lved .  This occurs seen the 
o p t ic a l  ax is  of the lens  co in c id es  with the a x i s  of 
r o t a t i o n .  The ceaent  i s  then allowed to  harden and the 
g r ind ing  of the  periphery  t ru e  with the ax is  of r o t a t i o n ,  
and th e re fo re  with the o p t ic a )  ax is  of the len a ,  i s  p e r -  
foraed  by p re s s in g  a b rass  p l a t e  a g a in s t  the edge while 
using eaery or carborunduc as an ab ra s iv e .
(1) D io p t r ick s .  1692. Molyneux, Chap. I f  of Mechanick- 
D iop tr icks ,  p . 220.
62.
Various types of aacbines are eaployed fo r  s p e c ia l  
op e ra t io n s  and so re  p a r t i c u l a r l y  fo r  tbe  production of 
sp e c ta c le  l e n s e s / ^
A s t ig a a t l c  lenses  a re  produced on aacb ines  in sb icb  
a c y l i n d r i c a l  tool i s  sade to  o s c i l l a t e  about U e  ax is  of 
tbe  c y l in d e r ,  tbe sork i t s e l f  being prevented f ro s  r o t a t i n g .  
For tbe s u l t i p l e  production  of Toric lenses  in sbicb tbe 
tso  axes of cu rva tu re  are  approx ina te ly  a t  r i g b t  angles to  
eacb o tb e r ,  tbe lenses  are  worked upon c y l in d e r s  of tbe 
ap p ro p r ia te  rad iu s  and ground by lean s  of to o l s  sbose cross  
se c t io n  corresponds with tbe c u rv a tu re s .
S ingle  and spec ia l  t o r i c  lenses  a re  ground in d iv id u a l ly  
upon sn a i l  sp ec ia l  aacb ines ,  but in an a r t i c l e  sucb as t b i s  
sbicb i s  concerned sore s i t b  general  p r in c ip l e s  tban s i t b  
tbe  aecbanical  app l iances ,  i t  i s  not p o ss ib le  to  desc r ibe  
in d e t a i l  tbe  nuserous types of nacbine t b a t  are  eaployed. 
Tbe ao s t  co a p le te  i n f o r a a t i o n  on t b i s  p a r t i c u l a r  s u b je c t  i s  
ob ta in ab le  f ro s  tb6 ca ta logues  of tbe o p t ic a l  aacbine tool 
aakers  or f roa  tbe p r a c t i c a l  handbooks a lready  r e f e r r e d  t o .
41) Scbule der Optik, Gleicben und Klein, 1914.
P ra k t i sc b e r  f e l l .
